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The National Bureau of Standards' was established by an act of Congress March 3, 1901. 
The Bureau s overall goal is to strengthen and advance the Nation's science and technology 
and facilitate their efTcctivc application for public benefit. To this end, the Bureau conducts 
research and pr . ; 'cal measurement system, (2) scientific 

and technologic i ^rvices for in^stry and gc ^mi, (3) a technical basis for equity in trade, 
and (4) technical services to promote public safety. The Bureau consists of the Institute for 
Basic Standards, the Institute for Materials Research, the Institute for Applied Technology, 
the Institute for Computer Sciences and Technology, and the Office for Information Programs. 
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and uniform physical measurements throughout the Nation's scientific community, industry, 
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Reference Materials, the Office of Air and Water Measurement, and the following divisions: 

Analytical Chemistry — Polymers — Metallurgy — Inorganic Materials — Reactor 
Radiation — Physical Chemistry. 

THE INSTITUTE FOR APPLIED TECHNOLOGY provides technical services to promote 
the use of available technology and to facilitate technological innovation in industry and 
Government; cooperates with public and private organizations leading to the development of 
technological standards (including mandatory safety standards), codes and methods of test; 
and provides technical advice and services to Government agencies upon request. 7'he Insti- 
tute consists of the following divisions and Centers: 

Standards .Application and Analysis — Electronic Technology — Center for Consumer 
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the executive branch for the development of Federal standards for automatic data processing 
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tion Technology. 
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The Sixth Joint lusting of th* U.S. • Japan Panel on Mind and Saianie Bf facta wns hald 

ill Washi-.gton, D.C. on J»lay 15-17, 1974. iiiis panel is one of the twenty panels in the U.S. - 
Japan Cooperative Program in natural Reeources (UJNR) . The ujnr was establisbed in 1964 by 
the U.S. - J«pan Cal>inet>level Connlttee on Trade and Booncnlc Affairs. The purpose of the 
lUMR is to exchanga scientific and technological Infomation %ihich will be nutually beneficial 
to the eoononiea and wvlfar* of both eountrias. Accordingly, the purpose of the annual joint 
Beating of this panel is to exchange technical information on the latest research and develop- 
ment activities within governmental agencies of both countries in the area of wind and seismic 
effects. 

the proceedings include the opening remarks, the program, the formal resolutions, autd 
the technical papers presented at the Joint Meeting. The papers were presented in the respec- 
tive language of each country, the texts of the papers, all of which were prepared in English, 
have been edited. The remarks made by the delegates during the opening session were recorded 
and transcribed. The formal resolutions were drafted at the closing session of the Joint 
Meeting and adopted unaninously by the panels of both countries. 



Pages of the technical papers are numbered with a prefix corresponding to the 
number. The texts are consecutively numbered in each theme. 



H. S. Lew, Secretary 
U.S. Panel on Wind and 
Seismic Effects 
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SI Oonvenion Uhits 



In view of present accepted practice in this technological area, U.S. customary units 
of measurements have beer yscd throughoijt this report:. It should be noted that the t'.S. is a 
signatory to the General Conference on weights and Measures which qave official status to 
the saetric SI system of units in i960. Conversion factors for units in this report are: 



Customary Unit 



(SI), miiT 



CoriverL-iuii 



M«>roid,—te 



L»PBth 



inch (in) 
foot (ft) 



Mter (a)' 
meter <m) 



1 li^O. 0254b 
1 ft»0.304ta* 



force 



pound (Ibf) 
kilogram (kg£) 



newton (N) 
netirton (N) 



1 lbf=4.448N 
1 kgf«9.807N 



Pressure 

SLltii3 



pound per iiijuare 
loch (psi) 
Kip per equare 
inch (ksi) 



tMwton/neter 



iMNfton/teter 



1 pei-«895ii/e* 



1 kai«6B9SBlO 



Energy 



inch-^pound (in-lbf) 
foot-pound (ft-lbf) 



joule (J) 
joule (J) 



1 in-lbf-0.1130 J 
1 ft-lb^l.3S5a J 



Torque 

Bending 

Moment 



pound-inch (Ibf-in) 
pound-Coot (lt>£-tt) 



ncwton-motor (N-m) 
newton-raeter (N-tn) 



1 lbf-in=0.1130 N-m 
i it>f-£t-i.i550 



Weight 

or 
Nasa 



pound (Ibf) 



kilograoi (kg) 



1 lb-0.45a6 kg 



Unit Weight 



pound per cubic foot 
(pcf) 



kilotjitun i^r cubic 
meter (kg/m"') 



1 pc£-i6.018 kg/m 



Velocity 



foot per eecond 
tft/eec) 



neter per second 



1 fp6-0.3048 m/8 



Acceleration foot per second per 
second (ft/sec ) 



neter per second per 
second {m/s^) 



1 ft/sec^>0.3048 V*^ 



^ter nay be subdivided. A centiaeter (en) is l/lOO ■ and a Billiowter (hb) is 1/1000 n. 
Exact 
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Ttw Sixth Joint Mwting of tha U.S. • Japan Panal on Wind and Saisale Bffa«ta 
Mas held in Washington, D.C. on Hay I';-!?, 1974. The procaadings of fhe Joint 
Meeting include the op^nin^ remarks, the program, the formal resolutions, and the 
technical papers. The subject matter covt>red in the {>apers includes extreme winds 
in structural desiqn; asssssment and exp**riin«»n*-al tf^chniqiieB for measuring wind 
loads; dynamics of soil structures and ground response in earthquakes; structural 
Maponae to wind and earthquaka and deaign oritariaf diaaatar Mitigation againat 
natoral hasardsr and taeboologieal aaalstanoa to davaloping eoontrlea. 



Key WOrdsi Bridges; -buildings i codesi diaaataVf dynanic analysis; earthqiudcaa> 



atodelingi aollsi atructural roaponao} volcanoeat and wind. 
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SIXtfi JOINT KEETIM6 
PROGRAM OP THE 
U.S. - JWMi r AM I ON WIND AND SEISMIC BFTTCTS 
May 15-17, 1974 
at 

Matlonal Bureau of Standards 

1tfiaMBSI»y*'MBy 15 

OPENIHG SSSSIOM (10th Floor Conf. Roon, Admin., Bldg.) 

1000 Call to order by Dr. H. S. Lew, Secretary, U.S. Panel 

ttaaa*ikB by Dr. Bmeat Aabler, Deputy Director 
National Bureau of Standards 

Remarks by Mr. Isao Uchida, Counselor, Embassy of Japan 
naoarks by Dr. Edward O. P£r«ng. Chalman, U.S. Panel 
RMuzfcB by Mr. Mitauru Hagao, Chaiman, Japan Panel 



1030 Introduction of U.S. Panel Members by U.S. Cliainan 

and Jaiwn Panel Menbers by Japan Chainaan 

1045 Election of Conferenoe Chaiman 

HOC MppCion of Agenda 

1115 Adjourn 

1130 Group Photograph 

1145 Lunch-Dining Roan C 

1300 Leave f:i FairbankE Sliclway Research Laboratories 
Federal Highway Administration 



TaUftSDAy-May 16 

THEMB II-A5 ^-1 f .-'Kr.T A n EXPERIMBNTAL TBCHNIflUBS FOR 

MEASURING WIMD LOADS 

Chalxunt Dr. Bdmrd O. Pfrang 

0900 Wind Tunnel Exp' t i^' -sts for Studying a Local Mind • 

K. Suda* , S. Soma and K. Takeuchi 

0920 A Study of Wind Pressures on Single-Family Dwellings in 

Modol and Full Scale - R. D. Marshall 

0940 Discussion 

THBNB I-EXTRBKB WINDS IN STHOCTVmL DBSICN 

Chainaan: Mr. Hitsuru Nagao 

1000 The Gust Heaponse of Long 9pm Suspension Bridget - 

N. Narita and K. yokoyain IPresentad by T. Okubo) 



Underline designates the person presenting the paper. 
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Extreme Winds in Hurricanes and Poesibility of 
Hodi^lng itiea - R. C. Gentry 



Break 

Extiisjae Winds in the United States - A. Hull and P. Hughes 
DiacuBsioD 

A CiUi pr«sentatlon, "itw Only MeiBlon" - J. iMttrnt 
Innch-Dlning Rom C 
vmrn iv-STiKKTomL RBsram n hind rhd imbu^ake, 

AMD DBSnaf CftmBRXA 

Chalman: Dr. Bdnard 0. Pfrang 

h StatistlQBl Approach to tiw loading and Failure of 
Stnietores - R. 6. werrit 

Synthetic CxpariaMital Raaaarch on the Ductility of 
Reiaforced Ooncrato Short Colwma under Large Oeflectlon - 
K. Waltano and N. Htroaaira 

Non-linear Analysis of a Guyed Tower - S. K. Takahastai 
and w. A. Shaw 

A standard for the Structural Integrity of Prefabricated 
Dwellinga - K, Haltano , N. HixoaaMa and T* Nurota 

An Analyeioal Modial for Datantnlng margy Dissipation in 
Dynaadeally Loaded Stxoetores -'J. F. McMaiMra and 6, K. sharaa 

Design of Pile Foundations Subjected to Lateral Load - 
H. Nagao, T. Okubo , K. Kanada and A. Yamakmtm 

Coofprehensive Sainic Design Provisions for Buildings - 

C. Culver 

Hind Loading and Modern BvU.lding Codes • B. Siniu and 
R. Marshall 

Discussion 

THEME Vl-TECHMOLOGICAL ASSISTANCE TO DEVELOPING GODHTRISS 
Chaimani Mr. Mitauru Nagao 

Preliminary Report on Present .'irati s and Development Project 

of volcanological Observation and Research in Indonesia - 

A. Suwa 

Use of stabilized Adobe Block and Cane in Construction 
of Low-oost Housing in Peru " S. G. Pattal 
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1640 



A CCMwnt on tJM Vt«liinol09ical Aid to Dovoloping CouDtrlos - 
It. tl«9«o and T. Ofcubo 



17X5 DiaeuBslon 
Mjourn 



PRIOAY-May 17 



I2X-DYNAMICS Of SOU, STRUCTURES AND £.<CIUND RESPONSE ZN 
EARTHQUAKES 

Cbaiznan: Dr. Edward 0. Pfrang 

0900 Non-linear Calculations of Ground M^onae In Earthqnakea - 

W. B. Joyner , A. T. P. Chaw and P. C. Doherty 

0920 Observation and Analysis of Ground Response in Earthquakes - 

S. ttayaahi CPraaantod fay H. Tsuchida) 

0940 Iteaaarch Study on Liquefaction - 

W. F. Narcwon (Preaented by K. o. o'Donnell) 

0950 Batination of Llqoaf action Potantial by Naana of Bitploaion 

Taats • K. yaoManira and Y. Koga {PxMantad by S. Inaba) 

1000 Landslide incidanoe and Mactianina daring Sarthqoakes • 

G. E. Ericksan 

1010 Stress Condition Effects on Dynamic Properties of Soil 

E. Kuribayashi and T. Iwasaki (Presented by H. Tsuchida) 

1020 Braak 

1040 Prediction of Maximum Earthquake- TnteriGitioc for the- 

San Frar.cisco Bay Region - R. Brocherdt and J. F. Gibbs 

1050 Diacussion 

lUS Ibar of NW Wind Vunnal Facilitiaa 

1215 imneh-oininig noon c 

TRSMB V-DXSA8TBR MITSGATTON AGAIIBT MATOBM. MZlUtDS 

Chaintidn: Mr. Mitsuru Naqao 

1340 st^inrric Retrofitting o£ Exiatlng Hlgtway Bridgaa - 

J. n. Coopor , R. Rabinaon and A. tonginow 

1400 Dynamic Tests of Structures by Use of a Large Scale shaking 

«abU - 8. Xnaba 

1430 A Netkodology tot Evaluation of Bkisting Buildinga agaSnat 

Earthqoakaaf HUETieanaa and lomadoaa • E. S. Law and C. Gulnr 

1430 Experimental Reae^rcti on the Aselamlc Characteristics of 

Sjpharical Staai Tank for Liquid PetroleuB Gas - K. Nakano 
and N. Watabe 
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1440 
1450 

1500 

1510 
1S30 

15S0 

1620 
1700 



Research on Minimizing Earthquake Structural ITnflJ* to 
Siogle-Panily Owallings • W. J. Wernar 

Earthquake Fnrii r.eering Research Supportad fay the Hstional 

Science Foundation - C. Thiei 

The Wind Bn9in««ril>9 Vtoqxm - 

H. Gaus 

Discussion 
BraaJc 

THEME VII-Pr«e Discusaion 
Chaimant Mr. Nitenru Magao 
Diacossion 

CLOSING SESSION 

ChairnHmi Dr. lidiMtsd O. Pfxang 

Adoption of Poml Baaolation 
Adjourn 
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OPENING REMARKS BY DR. ERNEST AMBLER 
DEPUTY OIBECTOR, HATIONAL BUilEMJ OP SOMDMDS 

Coutiseior Uchida, Mr. Nagao and distin^uxslied 9uest&, cocinvon intere:^!.& Atti the bonds 
lMtM«en individuals and between nations. He at the National Bureau of standards, as fellow 
MBbers of the scientific coanmlty and your hosts « iielcoae you and hope you find your stay 
plsasant and profitafaltt. Our lalioratories will be open to you, and the staff will be happy to 
talk with you about any profaleBS that interest you. 

In the purauie of aeiantifie infmeiiation on wind and seianic effeeta, you mxm travellins 
like the wind to the four oocners of the earth. This sane pursuit of scientific knowledge has 
led maagf Bureau scientists to beccaie world travelers as they studied, for instance, the engi- 
nf>erina a<;pects of the 1964 Alaska earthqu^e, the 1971 San Fernando earthquake, and the 1972 

Hana9ua disaster. 

Our two nations, bordering as we do on the Pacific Ocean, the borders of which show 
eonslde n bl e seianio aetivityt are interested in developing design nethoda end criteria for 
building struetuces that will better withstand wind end shock. Both of us individually 
conduct research program, but we are here today to nake our prograns nore effective through 
cooperation. He think this is a very iaportant undertaking and we axe very happy that you axe 
here today, end again, welocaie you to the national Bureau of standards. 



OPENING REMARKS BY MR. ISAO UCHIDA 
COUNSELOR, EMBASSY OF JAPAN 

Ladies and Gentlemen, 

It is ay great honor to bo given the opportunity to say a few words at the opening of 
the Sixth Joint Meeting of the OiJHR panel on wind and aeiaaie effects. 

«he Ibiited States and Jepen have very close cooperative relations in every facet of our 
activities. Science and tecdmology is not the exception. Now we have the U.S. - Japan 
cofmittee on scientific cooperation and the U.S. - Japan Ccaailttee on Medical Science, as 
well as UJNR. 

Many activities such as exchange of scientists, joint seminars and joint research Size 
being carried out actively and effectively under these cooperative prograas. We have alao 
very eloee cooperative prograns in the area of so called big sciences* puelear developaient 
and Wfpaem developnent. In addition, the new cooperative agreement on energy reaeerch and 
developaent will be signed in the near future. 

xiii 
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Vha JapoDMtt QOMXMMnt has faMn aiking cansldwabla ■dvanewit Id maaareh wid dev«lop- 
nant of adcncs and tecAinology by z«allain9 that aoianea and tadmolaqr PlV an iapoctant cola 
in the progress of the national econoaqr snd the la pr o v eaaat of the welfare of the people. At 
the aaae ttine» tie understand that the science and technology belong to all people In the 
world. Fm this point of viewr we have developed a policy to proaote intemational eocpara- 
tlon in research and developwnt of science and tedmology. X hope and believe that oar 
cooperative effort in science and technology contributes not only to the prosperity of both 
cmuntriaB but also to the welfare of all people in the world. 

UJNR has already uuirked its ten year history and the second five year report is presently 
in progreaa. At present, we have twenty working panels under UJNR pro9rains who are producing 
valuable infcanation. I believe this is the result of efforts by Bsny ooncemed people 
froBi both fwontries. 

In regard to the natter of wind and seismic effects^ %ihich is handled in this panel, 
although z s» a laysan in this field. I know that the U.S. and Jepsn are the tMO leading 
oountriee In the field and all wssibers here are the eiqperts of both countriss. I believe in 
the success of this panel and the hope for future developments. 

1 should like to express my heartfelt gratitude to each and all of the participants, 
especially to Dr. Ambler, Dr. Pfrang and other American panel members. Dr. Lew and other 
secretariate staff, for their great contribution toward making th« arrangements and for their 
warm hospitality to the Japanese nsnbers. 

Thaidc you. 



OPOHXHC REMARKS BY DR. EDWARD 0. PFRANG 
CUAIRMAti, U.S. PAKEL 

Kr. Ifchida and Mr. Fujiaawa, X would like to thaiUi you and the Japan Dnbassy for all the 
■assistance you have given us* not only with respect to this panel neeting but ell the past 
meetings, to Mr. Magao, I would like to congratulate him on tha outstanding panel which he 
has brought with him to the Joint Meeting. I have had a brief opportunity to begin studying 
tlie papers and I find tham to have aseellent technical contributions. 

I don't know how many people in this room realize the fact that this meeting was almost 
not held. Cn May 9th, a Richter 6.8 earthquake took . la-A 100 kilometf r - from Tokyo. Had it 
been on the Kanto plane, this meeting would have definitely been cancelled. This is one 
measure of th« need for our joint study. Following the San Fernando earthquake of 1971, 

xiv 



Dr. Pukuoka, former chairman of the Japan Panel, lo<i a tean of distinguished Japanese engl* 

neers and scientists to the 'Jnlted States. I belipve that you in Japan learned mach front our 
sad experience. We look forward to learning from you, on the occasion of the 7th Joint Meeting , 
your lessons frost the Izu earthquake. 

JUiotliar ax«ft of our ooovecstion which needs to bo Mntionad regazds ear mdtIe with davol- 
cping countritts. We have scientifically cooperated in Poru. we asvredate the great kindnose 
tltat you have shown to as in regard to our efforts in the Fhlllipines. It has been wxy kind 
of Nr. Negao and Dr. Okubo and others to aeat with ovr psople in their efforts with rogard to 
the Phillipinee and to pcovide their counsel. 

We havR accomplished much through our QJim Program. However, when we consider the loss 

of life ill Sail Fernando and Izu, and when we alsc taI;o into account the fact that oi. May 3rd 

approximatoly 300 people lost their lives in tornadoes within the U.S., there is nuch that 
rranains to be done. Thank you very much. 



OOPBMUfG RBNMWS St MR. NXTfiORD NftGlliO 
CakntUM, 3»tM HWBL 

Dr. Aablerr Dr. Pfirang* ■enbora of the U.S. Panel and guests, I feel very honored to have 
this opportunity to express my greetings on behalf of the Japan Panel. I also would like to 
express my appreciation for the great effcrts made by Dr. Pfrang and all Other U.S. Panel 
members preparing for the Sixth Joint Meeting. 

As you know, in our past five joint meetings many topics concerning important wind and 
seinic problen have be en pres en ted and disc n aeed. Ihe valuefale reaulte fra these neetings 
have been highly evalnated at the ujmr conference. M thie Joint Meeting* as mny as thirty 
three technical papers have been subsitted. This clearly indicated continuing tireless 
•fferts of the nembcrs of both sides for the success of our prograa and I am assured that we 
^lail and our Meeting with fruitful results. Vhe fear of wind and earthquake will not di- 
pdjiish from ■wiAind. We hope that we can continue our efforte toward our inttual goals. 

In closing, r wouli like to express i»y qrati«"U'ie for the cooperatlcfi and the asristance 
of the U.S. Embassy in Tokyo and the Japan Lmfcassy in Washington, D.C., the National Bureau of 
Standards, and others, expecially Or. Pfrang and the Secretary of the U.S. Panel. Thank you 
for your kind attention. 
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SIXTH JOINT MBBTXIIG PMWOSBD KBSOEOTIOIIS 



Both del^<:<3tirins proposed the following fomal reaolutions at the concluaion of tha 
Sixth Joint Meeting of the U. S. - Japan Panel. 

1. That the SixtJi A>int Mettting was ot gsaat nloa to both sidaa ai^ tha joint 
program ahould eontlnua. 

2. That the next Joint Meeting should be held in Tol^o In 1975« preferably in May, 
and that the technical aesaions should be extended to three day*. 

3> That increased effort should be made in the near future to encourage joint 

research programs, expecially in the area of the aiutual utlllMtlon of xeaearch 
facilities and the exchange of reeearchere. 

4. That th« scope of the activities of the Joint Panel should be expanded to include 
areas of snitual interest in seisaic risk analysis as related to earthquake 

pirediction. 

5. That efforts Should oootinua, or be iaplasMnted* to publish the p r o c eedi ng s of 
past Joint Meetings in the respective countries and siSke than' available to the 
respective engineering and scientific professiona at large* 
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OH TUB GUST BBSKMSB OP LOMG^SPMI 8USPBIISI0H BRXDG8S 



N. Naritd 
Chief, Structure Section 
Public Works neseardi liwtituttt 
MiiilBtry of Constnietion 
Japan 



K. Yokoyana 

Research Engineer 
Structure Section 
Public Hbzka Rasurch Znstituta 



in the Gtesign of above-ground structures it is established practice to con- 
•idtr ^ •ff«ets of wind, rot som structure* « like long^span suspension bridges, 

the influence of wind may be the primary design control which will then govam 
the inherent safety of the structures and the final construction cost. 

Ibis paper, there£a(ra« will dascriba tha raquirad changes in desigii apaeifl* 
cations to incorporate the Influence of gusts on Img-span suspension bridges. 

The necessary numerical calculations are illustrated in addition to sobm 
long-tem obssrvatlons on the Kanmon Rndge. Ihe iaportance and necessity of 
studies cn gust xeiBpense ere e^ptiaaizad. 

Key words t Bridge; design; fi, :d datar gust sesponsei eiodeli epecificetioner 
structure t theory; wind. 
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INTRODUCTION 



weoegsity ot _Stu<iy on Gust jtesppnse of a Struetune 

When one considers wind effects, its fluctuation must be relative to time and space. 
The time fluctuating wind tends to introduce forced randon vibrations in above-ground 
structures. This necessitates consideration of some dynamic magnification effects applied 
to the static response of the structure. The spatial fluctuation of wind tends to decrease 
the probability that the %find« with m«o speed, attacks the entire structure at ttw saae 
tinm^ thus sons Bodification may also be necessary in ordBr to include this effect. 

The determination of the response of a structure to wind, as based on a statistical 
eono«^ relative to a stationary tJae ssries, was introduced by A. G. Davenport in 1961. 
This concept has since been adopted Into the design specifications for building stroctures 

in Denmark and Canada. The importance of gust response in long-span suspension bridges 
was also suggested by Davenport and the magnification effect due to gustiness was esti- 
nated as three or more tiaes that of the static response. 

The gust response in suspension bridges, relative to buildings, points out the foLlow- 

ingf 



(i) The structural configuration of a bridge is far more ooovtlieated, as 

compared to a building structure, i.e., the cable and the suspended 
str\icture are composed of horizontally long elements, and the main 
tower is cosvosed of vertically long elsaents. 

(ii) The damping capacity is smsll, aaBpsred to a building struetxirs. 

(iii) The geographical location of the bridge inhibits one for obtaining 
aerodynanic characteristice by analytical methods. 



Moreover, the accumulation of statistical data of natural wind is niniml and it may be 
dangsxous to utilize a statistical theory. 

In ordar to solve this difficult pKoblsai, it la nacMsary to atndy the foliowinv 

themesi 

(i) To evaluate the statistical characteristics of wind, especially 

strong wind. 

(ii) To evaluate the structural and vibrational characteristics of long-^ 
span suspension bridges. 

- (iii) To evaluate the aorodynamic characteristics of brige sections. 

<iv) *To improve the method of statistical futalysis. 

(v) To accumulate test data, as obtained during the observation of the 
gust response of real structures, and to compare these with the 
theoretical results. 

In this paper items (ii) , (iv) and (v) will be presented. 

Gu^t Response and Doflign Specification s 

A wind resistant design specification. Cor long-span suspension bridges, %«as first 
presented in 1974 for use in the design of the proposed Honshu'Shikoku Bridge, niis 

specification was developed by a Technical Advisory Committee of the Japan Socioty of 
Civil Enqinei-rF;. liowever, these initial design specifications, which have been applied 
to bridges of 15G meters in length or less, have i^ot specified dynamic effects due to 
wind loading. Subsequent modifications to the specifications have since occurred through 
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conalderatior. of rccnnt ro.'^oarch activities. The baai« fte th« <1964} •pacifioKtlon and 
subsequent revi.sion (1372) will now be presented. 



(i) Nina ]«wistant Design spacificatian (1964) for tlie ic^poeed Honaln»' 
ShiltelCQ Bridge 

2 

In this specification the design wind load is defined as P. = 1/2 x pV^ AC^« 
iilMCin danotes design wind load, p air density, drag coeffleientr and A the 
aw pnaad, azaa of the stmcture per unit length. The design wind speed was derived 
velative to the baeic wind spaed Vjq as given by: = Vjq x y ^ x y-». where is 
a modification factor for Vj^q and takes into account the altitude cf'thc structure, 
and it is assumed to satisfy the power law. The secKmd modification factor is 
relative to the wind ^nstinesa and was determined by making the following asaaaptlona. 

flie instantaneous wind speed parallel to the nean flow, at an arbitrary point, 
i!j the sum of Uie mean Wind apaed {V^> and the flactuatlng wind a p ee d CV^)* averaged 

over (s) seconds or; 

VL - V, + - VL + I ein (W^t + *iJ 

i 

The wave length Lj , which corresf^onds to the circular frequency W. , may then be 
written as Li - V. i!L = V-T. , where T. -> il. The latarai scale of turbulence B. 
* • Wj " * *i 

corresponding to VT^ . is assumed to hejifk. tiass and egoal to the horiiental length 

of the structure B. Then« s ■ k x bA'g. 

The relation between mean wind speed and the averaging time of the wind speed isi 
V,/V, - (S/600r* , r - r^CVao>*°**^ 

where is the ten minute .iveraged wind speed at the height of 10 meters, and tiM 

ooastant - 0.090 at - 12.2 naters. Fran the above equations the goat raqponaa 
■odifioation factor can he Obtained as; 

'2 = V^/V, - (600 V^AB)'"'^^"' 

where varies according to v^q and the power index p, r varies according to thm 
altitude as noted previously. Mhen v,q - 40 m/s, the power index p » 1/6, tdiidi are 
the valuea that are aaauHd in the eeleulation of the modifieatien factor Yj* 

Howevsr, as msntioned above, the (1964) design apocifications did not take into 
aecoiait the dynamic charaeterletics of the structure. Theae considerations will now 
he presented. 

(ii) Wind Raaistant Design specification (1972) for the proposed Honshu- 
Shikolitt Bridge 

More than ten years have passed since the wind resistemt design statistical con- 
cepts were first proposed by Diivonjior t . Though t-hr- r-on-i-pr h.^n bfr-n applied to the 
building structures in Oeiuark and Canada* it has not been established in Japan, in 
developing the 1972 speeifloatlon, a preliminary study wee firat fMHiduoted using the 
stationary time series theory. The modification factor for the gust response was 
then evaluated and found to equal 1.3 to 1.5, for the lateral bending nonent of stif- 
fening franes of Guspension bridges witih center spar, lengths of 50C to 1,500 meters. 
However, there is no evidence of induced lateral vibration of real bridges, therefore, 
the dynamic reepeose effect the atiffeniag frame of the etructure was neglected in the 
modification factor y,. which gave a value between 1.14 and 1.19. This revised sped* 
fication, which considered statistical characteristics of wind, still remained aabig- 
ttooe. 
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COST ABSSOMSB <» A SUSPBMSION BRXDCSB 

Bguatioiw Mid So— l>—»rl» on thm Wu— rio>l C>lcul»ti<]0» 

The fundaraental equations for evaluating the gust response Of s suspenelon faridge viXt 
be Introdhtoed withoat pgesenting the details. 

(i) Straoturel Mielyaie of tlie systen 

XiStscml aotlon of the systen was analysed fcy use of the so-called finite eleoient 
iMtbod. Vhe &indas»ntal equation of the ^etea ie given byi 

^2 *e 

_1^(e:£i^) - + — (u + vj 

and the nechanical adaittance for mode of vibration ist 

Hie fraction of dasfping was assi—d as _ 

^ *o *^a«ro *0 2ir ^ro 32fmn^ 

(ii) Sp'jctral Density o£ Mind i'otCM 

The mean wind force 9 corresponding to the oean %d.nd speed is 
? - 1/2 *V,*C^ 

the speetral deneity of the vi-eom>onent: v«aa evaluated by Hiao's foxnula, namely. 



«„(n) - 0.476 (1 + IL4-5/6 



0 • 1.169 X lQ-3 "7?" tVlO) " 
She ccoas-ifind correlation spectrw waa evaluated by Oavuiport's ei^ressionf 

nien* tiiS s^ctrua of the fluctuating wind force Is expressed asj 

, s (n) 
Sp(n) - 4 P|x^(n>|2 

ThS aacodynamic adaittance equation is given by VicHery's foraula and iS} 



(iii) Aeredynaaie Assponse 

The response spectrun of the lateral banding Bonent of the stiffening franes 

isi 

B^VK» n) - Z Jl^*Ok)|K^(n)P|jj(n)P Sp(n> 
r 

where the joint aoosptanoe Jy(n) is given in the following eemt 
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The variwice and «£ fsetlv* fraqiMney for tlM banding noMnt an 9!^ 

"k^^* -/ V^' =^ M^^(X)/ |H,(n)|2|j (n)lV(n)dn 

o r Q IF 

o 

The expected value of the maxiir.um response is g^(X)0^(A) , where 

■ f2ln(Y (K)T}1^/^ 

IT, 

Finally, the modification factor for the wind speed relative to bending momient is 
rnqpnamd asi 



-[^^ MOO 3 ' 



the above aqnatiane wen Inoocporated Into a ooaptttw pEogrwi» The accurAqr of the 
nvturioal pxoeedim waa exaalned relatiiw to the following tmimm and aj^xMslonei 



(i) Teiwv,a()« Oytlli)* Nrtf)» fi^Oi). NOt), and Q til) 
(11) Double integral in the joint 



(iii) / (. . .n)d)\ and (. . .n) 
o r 

Itms m tl V B EXAKPLES 

Sy«»n>etric Suspension Bridges Consisting of Three Suspended Spans with Hinged 
Stiffeoina rr—es 



Nunerical calculations were made relative to elx nodel designs, the essential prop- 
erties of which are given in Table 1, The maximum bending noment occurs near x/L ^0.2 
for the L1500 model* with the peak moment aoving gradually toward the span center as the 
span lengths decrease. This neans that tbm inClttanee of the cable against the wind 
loading inereaaes pzoportionally with the span length. The modification factor Y for 
the various bridges is shown in Figure 1. in general, Y- does not vary, except for the 
LlSOO Bodel, and has an average value of about 1.35. 



*^ Sywetric Suspension teidges Consisting of Three Suspended Spans with Continuous Stif- 
fening Fraaes 



The suspension bridges which have continuous stiffening frames, that wre analyzed, 
are detailed in Table 2. The resulting modification factor Y- for these bridges is given 
in Figure 1-1. The diaraeteristio ftatuze of the oontinoous inspenaion bridge is that Y2 
increases around the point x/L - 0.2, where the bending moment changes its Si^n. It alao 
appears that Y^ increases gradually along the end of the side span. 

It should be noted that tha modification factor analyzed under the assuaoption of 
lilfigad tttfipmsion bridgaft is nearly equal to that of continuous bridges, SKO^t at the 
peak location. 

effects of Wind characteristics on Gust Hasponse 

Table 3 diows the effect of the wind ebaracteristlcs on ttie modification factor. In 

this table the power index p, the surface drag coefficient K and the cross-wind correla- 
tion factor k are chosen as variables. The functions K and k appear to be the governing 

factors. 

x-s 
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FIELD GfiSBIVXTlOM OP THE GOST KBSSOIISB AT THB KMQIOH BUDGI 



ObaerViitioM Sytstex at the Kanmon Bridg0 

The inatxuracntatxon and data- recording system, designed to monitor and record wind 
speeds and direction as well as eartliquakMt and to itidicate their effects on tiie mapmf 
and s\d)-8txuctures of the bridga, has ham pzovldsd Iqr Javaa Higfamy CocpovatioB. Tha 
loeatioB of imtxinanta and al — a nt a asa ahoim la Fifusa 2 and Vabla 4. Tba ayataa waa 
plaood Into oparation laat vlntar* inat aftar tha opanlng of tita bieidga. 

saaa Kaaaplea of tha Oiaaaxyd Data 

Tlw original trace of tha wind-indooed vibration of the st^er-structure is given in 

Figure 3, with the wind record at that time tabulated in Table 5. Table 6 shows the re- 
sults of a preliminary analysis. The natural frequencies obtained from the wind induced 
viteatlon raoord coincides with tbose obtained fron fiald feread vibratioaa Induead by a 
lavga aeaXa aiceitor during testa conducted last September. However, the damping capad^ 
could not b« obtained fron the power spectral density gi'/en in Figure 4. The damping 
capacity, as shown in Table 6, was derived from the forced vibration test. The obsaifad 
data will be analysed and compared with tha theoretical values in the near future. 

■ CONCLUSIONS 

The authors have outlined the present status of a stu4y on ttoe gust response pxobleas 
of long^spon suspension bridges, in oxdar to eidianoa tba wind vaaiatsnt daaign tectolque, 

vigorous research activities are nacessaxy xalatlva to tha wind eharaetadatiea and aexo> 

dynamic rc-sronso of a structutu. 

The Hon^-Shikotcu Bridge Authori^ is now conducting • field observation test by using 
a large scale section modal of the beach of Tateyana, located at ttaa south vex of tha Boao 

peninsula. These tests whould provide <u:s with useful infonHtion about tlia g«at mMjpoaaa 

as well as the flutter of a long-span suspension bridge. 
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Table-1 Hinged suspension bridge model 





node! 


I 1 KO/\ 


T 1 tno 










unit N 


span 


m 


1500 


1300 


1000 


FOO 


650 


500 


chord distance 


n 


36 


36 


33 


33 


33 


33 


truss height 


m 


14 


14 


11 


11 


8 


8 


SBg 


m 


150 


130 


100 


73 


59 


45 


lateral bend, 
rigidity 


2 

t X m 


1.266 


1.249 


0.923 


1.012 


0.731 


0.781 


(x lO"^) 
















dead weight 
of truss 


t/m 


20.28 


20,25 


19.32 


19.66 


19.01 


19.01 


dead weight 
of cables 


t/m 


11.40 


9.35 


7.95| 


5.57 


4.51 


3.47j 



Table-2 Continuous suspension bridge model 



item 


model 


LI 100 


L890 


unit 


\ 


center span 


m 




1100 


890 


side span 


m 




260 


326 


chord distance 


m 




32 


34 


sag 


m 




100 


82 


lateral bend. 

rigidity 

(x 10"^) 


t X m^ 


1.637 


2.174 


dead weight 
of trusses 


t/m 




31.82 


44.51 


dead weight 
of cables 


t/m 




15.91 


14.23 



I 
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table - 4 InstTUBents at KaiMon Brtdge 



Observation 
it«« 


Measuring 
potat 


Maximum 

measuring 

range 


Inatranante 


Number 
Of 

ImatroaeDts 


Nunbar of 
elements 


Rate of 

sampling 
(f req./sec) 


per 
M.P. 


Total 


Accelera- 
tion 


feowid 


iSOO gal 


Submerged 
aecd^niMtter 


3 


3 


9 


100 


Alnitaeat 


±500 


Electro- 
magnetic 
acceleroneter 


4 


1 


4 


so 


Pier 


±500 


8 


1 


8 


Tower 


±500 


4 


1 


4 


SClffealn 
fvam 


( ±200 


Servo- 

acceleroaeter 


6 


1 


6 


25 


u Jk. 13 M AVbw V 

mailt 


stiffen- 
ing 
frame 


Horlnmtal 

♦2 m 

Vertical 
±2 m 


XX^Aaalyaer 


1 


3 


3 


23 


Longitudi- 
nal 

±25 cm 


Differential 
creneaueer 


1 


I 


1 


25 


Wind 

Speed 




Horizontal 

60 m/sec 
Vertical 
no a/aec 


Supers<tole 


1 


3 


3 


25 


Wiuii 

direct ton 


Stiffen* 

Ing 

frane 


HorlMotal 
60 m/aee 


Propellar type 
anemomer 


3 


2 


6 


25 


Wind 
spood 


|— — 

Top of 

Shinono- 


Horizontal 
60 m/sec 


1 


2 


2 


25 


wind 

direction 


eeki 

tover 


540" 
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Table - 5 Wind record at Kanmon Bridge 



Wind speed 


M.P. 


Order of obaervation 


vin/oec^ ' 


1 


2 


3 


4 




A 


8.59 


8.95 


9.36 


9.02 


Mean 


B 


9.80 


9.99 


10.58 


10.23 




C 


8.88 


9.49 


9.65 


9.99 




A 


10.51 


10.73 


„ _ 

11.45 


11.97 


HaxiBuim 


B 


11.93 


12.24 


12.79 


13,63 




C 


11.22 


11.39 

1 


11.38 




14.88 




A 


6.21 


6.09 


7.26 


4.25 


Minimum 


b 


6.44 


3.88 


8.39 


4.11 




C 


6.74 


6.97 


7.85 


5.13 




A 


0.85 


1.22 


1.48 


1.97 


Stand.! rd 
deviation 


B 


0.89 


1.36 


1.66 


2.26 




C 


1.06 


1.42 . 1.59 
1 


2.41 


Note M.P. 


- A the 


center of the center 


span 





M.P. - B 40 n apart from M.P. -.A to Shinonoaekl 

M.P. - C the quarter point of Shimonoseki side 
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Table - 6 Natural frequencies and damping capacity 
of Kamon Brldg* 



NsdB of 


Syuetry 


Order 


Natural frequency (C/S) 


Logarielnic 


vibration 


Tneorotical 


Observod (1) 


Obaetvod (2) 


docTonent 






1 


o.zoo 


0.212 


0.213 


0.0313 






2 


0.270 


0.296 


0.296 


0.0180 




Synotrie 


3 


0.429 




0.450 




Vertical 




A 


0.528 


0.570 


0.579 


0 0O9Q 


b«Q4iag 




5 


0.914 


0.91B 


0.919 


0.0067 






1 


0.152 


0.180 


0.178 


0.0501 




AnCioyiiBetric 


2 


0.375 




0.414 








3 


0.70S 


0.740 


0.739 


0.012S 




Syawtrle 


1 


0.384 


0.387 


0.388 


0.0129 


forslonal 


2 


0.766 


0.717 


0.721 


0.0126 




Antisymmetric 


1 


0.492 


0.472 


0.468 


0.0162 



(Roto) Tlieor«tie«l nmtural frequcadoo wore calculattd by Bloieh*s method. 
Oboenrod (1): fitld cxpcrlacnt with eseitors 
Obsorvod (2)t wind Induced vibration 
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Fig. i.3 Gust response factor (v^) 
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EXTRDB WnDS IK HURXICMnBS lUID F0BSIBILI1Y OF NQDIFTIIIG tBEH 



by 



R. Cecil Gentry 



National Hurricane Resear h laboratory 
Meathar Modification Program Office 
Enviromiental Research Laboratoriea 
Rational Oceanic and Atmospheric Adoiniatration 

Hiaral , Florida 



A hurricane (or similar storm called by other names) is the most destruc- 
tive of nature's phenomena. This is partly because of the extreme winds asso- 
ciated with the atone (ranging qp to 320 kiioneters per hour), but also because 
the wind* wmf oantlnaa hlowlng Cor aeveral howrs^ and they are accompanied by 
rising cwean water* etrong along-afaore currents« and torrential rains. 

Discussions will be presented of the frequency of hurricanes of various 

intensities, the rate at which the wind speeds decrease after the storm crossea 
the coast and moves inlauid, the effect of the winds on the storm surge, and the 
variation of the wind speed witit height. 

Toi several years, sKSdbers of the United States Govemnent have been eaperi- 

nvn'-inq to reduce the maximum IntPn-ut^y of the winds of hurricaner. niannariea 
wxll be presented of the progress ijnJ future prospects for this wotk. 

Key Mords: Cloud seeding j frequency distribution i hurricanes i typhoon t winds 
wind intensities. 
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INTRODUCTION 



Horricanca are the most destructive of natural pher.c~*=n.i . '.^^iilt- fit verf; torn;-tdo^.s may 
have stronger winds, those in hurricanes last longer ar.d affect much larger araas. In ad- 
dition, the Gtorm soiyc-, the associated Strong coastal currents, and rain-induced floods, 
all combine with the winds to nake the ■tatora tropical cycloiw tbe aost dang^xoua wMpoa 
in natoxtt's arsanal. 

Because of the great intensity at ^turri canes ar.d siuiiiar tropical cyclones that go by 
different names in other parts of the world, the extreme winds experienced at many loca- 
tions axe those that cx»nur in hurricanes. This papex will discusa the narimim winds in 
hurricanes, crusts associated with these winds, freqtwncy of extceaa winds, catas at lAlcfa 

the maxirr.u.T winds Llc-crcaae as the stcna moves inland, variation of wind apaed With height, 
and possibiiitiy of moderating the hurricane by seeding the storm. 



HAXIMDK WIND SPEEDS XN HURJttCMfBS 

It is rare that the maxixura wind in a severe hurricane is oeasured. Rarely is an 
anenoBieter installed in ttw area of maximun hexricene winds, end Boet o£ theai fail befbce 
the winds reach their peak values in the mom savasa atonw. As a xasult noat oC our 

knowledge of the extrene winds is based either am interpretation of wind force flron tJie 

dettnage or frL^rr. knowledge of thts pressure gradients in the storrr-.s which have a reasonably 
close relationship to the wind speeds since the two (quantities are related physically. 

A aaall but very sewara hurricane with miniania pressure at sea level of 26.85 inches 
(909 vb) crossed the Florida Keys in 1935. Maximum winds were estimated at ^Ubout 200 mph 

from the tyf>es of damage. Hurricane Camille struck the Mississippi coast in August 1969. 
The miaimum central pressure was 905 iit>, or less, shortly before the stoxm reached th«i 
ooaat. A reconnaissance aircraft naaauved 140 knots while still several miles from the 

■axianat winds while flying at 3 km elevation before the atonn raaehad land. Again the 
wariisuw winds were not weasured at a land station, but were estinted at about 200 of-h. 

Hurricane Janet (1955) crossed iwin Island in tr.c- V.eaterti Caribbean and the winds were 
estimated at 200 mph. It later struck Chetumal in Mexico where the mini mum sea level 
preaaure was 27.00 inches (914 vb) . the winds w«a aaaaured at 152 knots (17S aph) bafora 
the anenonetar oollapaad. 

U.S. Air For -e Re ;-or.n ai ssance aircra'^t have neasurfisd flight level (3 km) winds at 170 
knots (197 nph) in at least three different storms in the Pacific: Typhoon Opal, Oecend^er 
1964, Typhoon Kit, June 1966, and Typhoon Nancy, 1961. The reoonnaiaaaiioe aircraft have 
also naasured ninimum sea level pressures of 877 mb In Typhoon Ida, 1958, and Typhoon Noca, 
1973. In the Atlantic, the maximtm triads measured by the Research Flight Facility were 
157 knots flHi ~i: ;.) in Hurricane Inez, 1966. Comparing the minimum pressure readings 
recorded in the Atljtntic and Pacific would suggest that the extreme maximum winds in the 
Pacific frco typhoons have probably exceeded those in hurrica ne s in the United States, but 
the writer has no knowledge of aeaaured values at land stations in the Pacific aiieeedlng 
the aaxiaium values quoted above. 



GUSTS IK KOmiCaUIB HINDS 

For certain types of structures the damage caused by winds is more a function of the 
gu'ats thiiZi oi the sustained wind. If oar kn.jwlr-dge of the maximum sMi=^ta^.ned wind (various- 
ly defined as the mean for an hour, mean for five minutes, fastest minute or fastest mile) 
is inadequate, our knowledge of the naxlniB gusts is even less. Many weather stationa are 
not equipped to measure the short period gusts, and usually estiaata the gusts by obsarV" 
ing the wind speed dial over a five to ten second period. 

The Royal Observatory in Hong Kong has used their recorded data including those mea- 
sured by a Dines instruaent to derive ratiea of winds fox vaxieua periods to the mean wind 
for an hour. The data in Table 1 was c^ied front a report fay Fabar and Bell (1963). 
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Hebert .^rd 'leunann (1973) have used data reported by weather stations In the United 
Stetes to a-bu bLudy the gust ratios. They concluded that the ratio varied not only with 
the period of the wind, but with the speed of the wind. At lower wind speeds they found 
the ratio o£ tbe gust to tint sustaiMd win4 to be lA ganural agrMnent tdth tlM Hong Kong 
data, bat at tha highar wind apaada it waa of tha ecdar of 1.2. Ilialr data axa awaiarisad 
in Figure 1. The regression line presents an empirical relationship between the steady 
wind and peak gust based on the available data. The major weakAdss in their study other 
than not having a lot of cases is that liia tttK gust and sustained wind are not rigorously 
da£iAa4. Habere exandned the weattmr sqportfl rMtlvad from stations ai^perieiiciDg tropical 

eyoloaas during the year* 1963- Z970. Tn wet eweea tlie auetalTwd wind would be either the 

fastest minute or the fastest mile. The gust in a fev cases may have been n-.easurod with 
sone special instrument, but in most cases would have been estimated by the observer after 
examining a recording of tbft aiMwwtsr «u^t or Aftar cdbsarving tlw wind spaed dial read- 
ings for a few aeoooda. 



BXTRDfE WIND FBEQUEMCZES IN mffiRICAMES 

The frequency of extreine winds such as those He-^cnbcd in the earlier paragraphs is, 
of course, very low. The data in Figure 2 give ari idea how often winds o£ certain broAd 
categories may occur in the United states. The number in the "A", "B" and "C" belts tell 
how aaay yeaxa during tha pariod 1901-1965 a stoim of tha raapactiva categories affected 
tbe various sectors of the Onited Stataa Coastline. Hurricanaa witli a ninlmiam eantzal 

pressure of 29.00 inches (9S2 mt) include the storms whose maximum winds usually ■exceed 
85 isph (3B lo^is} and whose maximum storm surge usually exceed 6 feet {l.E en, in height. 
Hurricanes with a minimum central pressure less than 28.25 inehaa (957 mb) include the vexy 
intanaa hurricanaa in «itaid» the waKimv haifpbt of tha stoxa aurge tfill be 10 to 15 feet 
C3 to 4,7 m) OK mora ahoiva mmwn aaa lewal in tha aaetova illuatracad* and ia aiiidi the aax^ 
1MB wind wlocitlss sill axoaad 120 scb (S4 aps) . 

She general subject of recurreaoe of extreme winds has been atudied by Thorn (1960). 
figure 3 is reproduced fcoa his r^ort and ahows tha annual e«t rase -alia 30 feet (9.1 ■) 
above ground, bc-yaar naan recarranoa interval. His raport ineliadaa ai«ilar chazta for 

varying mean recurrence intervals. In his data the extzaas alnda almg tha Gulf Of HasiCO 
and Atlantic Coasts are in most cases from hurricanaa. 



REDUCTION IN HURRICANE WIND SPEEDS AS STORM MOVES TKLAND 

The hurricane wind speeds start decreasiivg soon after tha storm crosses the coastline. 
Tbe phanoaaoa has been atudied astanaivaly by Malkin (1^9) and by Goldnsa and Oahijiasi 

(1974) . Figure 4 is copied fron the later report and it includes the sunnary gust factors 
developed by Mallcin. The Goldman a^d Ushijiraa report includes graphs similar to Figure 4 
for two other storms. There is, as should be expected, some variation from storm to storm* 
and froA one locale to another. Tha heavy broken arrow in Figure 4 shows the trade of 
flurrieana Csndlla, 1969. Tha nuribars written on tiia borisontal lines show the parosnt of 
peak gusts at landfall at the respective locatians. The "Nalkln's Pactors" listed at the 
left end o£ each line are from MalXin's study. 

Goldman and Oshijina susswrise tbe results by writing, "The 6mcx*mm« in sMxinai hurri- 
cane wiada after landfall has been shown to be both appreeiitble and variable. Mhen oa»- 

pared with the earlier work, the itiaxixunG in the peaJc gusts of the three significant 
Storms arc i.'k strong agreetuint with the general function of Malkin. However, the change 
in the two-dimensional distributions of peaUc gusts inland reveals that a more complicated 
function than Malfcin's is necessary Tha Goldman and Ushijima study showed consid- 

arabla variation in guat factors batsaan atoms, so n»re studies are needed . 



* Fraparad fey Gantry 
Pnraau (1957). 



(1966) and ad«ted fson an earlier chart pnvared by D.S. waathar 
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VAKIATION OF HURRICittlE mUD SPEEDS WITH HEIGHT 



The wind speeds in htirricanes vary with height, within a millinieter of the ground the 
wind i« blo«»ing very slowly — even in a hurricane. The speeds increase with height up to 
some unknown but variable level v.+iich is believed to be between 300 and 1500 feet (90-460 
a) . Above that level the winds in the belt of nutimm winds for the storm deor«as« vesy 
slowly op to six klloaataxB whan tin amtaixmA wiJids are aoowlly only 10 paront 
than «t low lavels acooxding to a studgr by BMikiiui (1M2) . 

Very little well documented data are available showing how the winds in hurricanes 
vary froai 10 nsters tq> to 100 SMtars. Variooa aa«un(ptioina bam baan uaad by anglnaara and 
it Is tittll knoMa tliat tiia variation ia a function of tte rouglmaoa of tha tazraia. 

POSsmusY or NODxpyxiiG mioaaiMBs 

Darin? the past tan years tha avaraga annual dwaga cauaad by hurricanes in tiia Onitad 

StatsK has been about 3450,000,000 per year not including the damago from Hurricane Agnes, 
1972, which was largely from rain-induced floods. Because of this and because research 
over tha last decade has suggested means by which hurricsnaa nigllt be aodlfiadf thara ia 
extensive research and ajverinenta to nodify hurricanaa. 

The principal daniaqos from hurricanes can be attributed to three causes: (\) destmo- 
tive force ot thvi wind, (2) the storm surge, and (3) floods caused by hurricane rains, 
nsults tro:n the modification experiments conducted thus far and the supporting research 
aaggast that tha asriwini winds in hurrieanaa aay ba reduced 10 to 15 percent if the hurri- 
cane clouds radially outward from the ■ M uriaw winds are seeded with freesing nuclei. Sinoe 
the force of the winds varies with the square of the wind speed, this could mean a reduc- 
tion of 20 to 30 percent in the force ox the wind and in danages caused by the winds. The 
BtoxB surge is the result of coipleji interactions of a malber of forces including the wind. 
More reaaarcfa ie needed in this axoa^ but there are reasons to believe that a reduction of 
mir*r^ Minds will alao often reanlt in a reduction of the stoz» aurga. Ilia rain-indnetad 
flooda will probably be little afftetad by tiie eaqperiaents. 

Table 3 sunna rises tdia results of pravioua eaveriBsnts to aodify hurrioanea. 

XlM only SMltipla seadings of tha clonds near tba eyowall aada so far were la Huzri^ 
cane lMd»ie. Gentry (1970) has reported ths reaulta. 

The storm was seeded 18 August 1969 five tines dvuring a period of 8 hours. Before 
the first seeding the auxiiiDB wlnda were 99 knota (Figure 5} . After the third seeding 
the ■axiaum winds were oonsiderably reduced, and by about 5 hoaxs after tiia last aaeding 
the niudam Mlnda were down to 68 knots* which is a reduction of aboat 31 percent. 

The crews rested on 19 August, and by 20 August Debbie had regained intensity. At the 
beginning of operationa on 20 Auguat* tha — winda were 99 knota, but the stom struo- 

ture had changed considerably. Ihe inner naxljmiR was aibout 10 aauticikl ailes froai the 

center and the outer maximum was approximately 20 nautir.al nilea (Figure 6). The hypothec 
sis requires that seeding be radially outward from the maximum winds. In this case it 
would aean atarting the seeding runs at about 12 nautical miles and proceeding outward for 
about 20 aore nautical ailes. if the hypotheaia is correct, this should result in a re- 
duction in the auxinuB winds in the inner auudann, but an increase in the outer aaxisran. 
This IS precisely what happened. The inner maxinuT^ decreased radically durincj the day and 
the outer moxiiaum incci±ai>ed slightly. The fifth and last seeding started at about 20 nau- 
tical Bile radius and proceeded otttwardi that is, it was radially outward from the outer 
wind naxisniB. The winds in the ovtfeer waxlwum then decreased and by about 6 houra after 
the fifth aaeding tlM -r-''— winds ware 85 knots, which is a radoetlon of IS peroant for 
tiie day. 

Tha diaagea in the stpn following the seedings on 18 and 20 August arc very encourag- 
ing and are highly suggestive that tiia stora waa nodlfiad. The natural variability of 



1-24 



hurricanes is such, however « that we cannot be sure that the changes observed were caused 
h}f tha sesdliig. 

Figun 7 shovB tha frequency distribution of 12-hour changes in maximum wind speeds in 
hurricanes (see sheets, 1970). The changes are expressed in percent. See the horizontal 
axia. The data have been stratified according to the original intensity of the storm. 
Notica that avan a raduction of IS percent is a very rare event for any of the categories. 

we have examined the weatliar .-naps for Id and 20 August and have sought other explana- 
tions for the reduction in the maximum winds. On 18 August there was a trough in the upper 
troposphere Moving eastward at more northemly latitudes which pn^iably did affect Debbie 
and My htetm eanaad part of its Msakaoing. nds would suggast, tharafiora, that tha 30 par- 
cent xaductioo should not be attributed entirely to tlie affects of the seeding. 

If one considers the full sequence of events for the Hurricane Debbie case, however, 
one oannot help bat be iapresaed by the resvilts. On is August the stom was seeded five 
tiaas, and the SMi^iiMi winds were radueed about 30 percent. On 19 August there was no 

seeding and the storm rei r.tensif ied. On 20 August the stom was seeded times in such a 
fashion as to cause reduced winds at the inner maximum and it essentially disappeared. 
The fifth seeding was in such a fashion as to cause reduced winds in the OOter maximum and 
a net reduction of 15 percent resulted, m view of the probabilities ej^ressod in the fra- 
queney diagram, it is clear tiiat such a sequence of natural events would be very rare. 

The data from the experiments, and especially when backed up by calculations with the 
theoretical models, are highly suggastiva that wa do have an excellent chance of achieving 
beneficial oodification of horxicasws to tha extant of reducing the aaxlamin winds fay 10 to 
15 percent. Since the force of tiie wind varies with the square of the wind speed, a re- 
duction of 10 to 15 percent of Mxintiar, wind apcod would mean a rc-d'd.jtion of 20 to 30 percent 
in the maximum force exerted by the hurricane. If damages can be reduced by this ouch, it 
Mans savinga of about $100 alUion per year for tha United States aloM. 
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mriO OF KINC; OF VARIOUS PERIODS TO HOURLY MEAN MXHD 

(Data fron Royal Observatory in Bong Kong) 



Period of 600 sec 300 sec 60 sec 30 sec 10 sec 5 sec 3 sec Dines Gust 

Ratio to 1.05 1.09 1.26 1.43 1.64 1.72 l.«l 2.0S 



XH 9KKOOK NDRRICMB CbODDS 



Hurricane Esther 
Hurricane Esther 
Barricans fieulah 
MUh 

Debbie 
Debbie 



Hurricane 
Hurricane 



Date 

16 September 1961 

17 September 1961 

23 Angast 1963 

24 kugvmt 1969 

18 Auq-z-^t 1969 
20 AugaaL 1969 



Approximate Maximum Wind 
Of flaadiaga Spaad Chang* (Parcaat) 

0 
0* 
-14 

-30 
-15 



Saading mtarial drofpad ootalda "aaadabla" clouda. 

(In addition, a hurricane was seeded 13 October 1947 and Hurricane Ginger was seeded 
26 and 28 September 1971. The clouds seeded in these storms were far removed from the 
centritl core of the storm and had only weak or no ver^cal currents. Their seadlng« 
tof, should not bava cavaad aucb cbanga in tb* atom's Intansity or stmctum.) 
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Fleure 1. Empirical Relation«hivs Detwcen Steady Wind and teak GUST in Atlantic 

Area Trt.picai Cyclon«8. Dots are data pcinta. Solid Hoe iB x^ceeaiim 
Un« drawn to fit eho data. (Prepared by Hebert and Nemiwiui, 1973.) 
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FRLQ'JIJ.'CY OF MUHfilCAf't Af.'D TROPICAL GIOUMS 
PEHETRATIKQ llli: ATLANTIC AND GULF COASTS 
1901-1965 




Figure 2. Frequency of hurricanes and tropical sLorms 
p(?nct rnti-,i;> [ho l .ilt pfl "^t ai-oq COacts alonS 
the. Atla ntic ,uid the (;uJ f of Mcxicu. 
(GeALi-y, 1906) 
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Hjuxtt 3. Isotadi 0.02 Quan tiles, in Miles Pec Hour* Annual Extreue-Mlle 30 Ft* 
Above Grovad, 50-Yc. Mean Recotxcnce Interval. (Ihon, 1960) 



Figure 4. Percent of Peak Gusts at 
Landfell for Caaille at 

3*-uiile 

Intervals after Landfall 
(lO-mlle (X6.1 km) 
increinents fron Baximum 
•re eoHputed at each inland 

line. Clrclcf! values ara 
Giaxiuum at each time.) 
(Goldman and Ustiijlna, 
1974) 
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BXTREMB MZtas HI THE ONXTBO STATES 



by 



Arnold R. Httll 
and 

Patrick B* HuglMS 



Environiibntal' Data service 
National Oceanic and Atmospheric Admin iatratlon 
U.S. Oepartnent of CotaiBerc& 



The highest winds reported in the United States have been associatad 

with tornadoos:. Fujita (1971) has clavolop«d a tornado wi ndspood/<la]ii«g# elaa~ 

sification systea tdiicfa pexmita extreae wind astiaations without follow-up sur- 
veys. Pttjita classifications of tornadoes for the 1965. 1971, and 1972 seasons, 

as well as extreme wind values associated with thunderstorms and extratropical 
cyclones during 1973 are reviewed as they relate to ANSI building code require- 
ments for design loads. Next, a new observational tool, an acoustic, doppler- 
ahift "sonar" capable of profiling low^leval wind regiaas at the actual build- 
ing Bita« is briefly described. Finally, the proposed ttOAA Severe finvironaental 
storms and Mesoscalc Experiment (SESAME) is examined. SESAME is an observational/ 
research effort to identify the processes and controlling parameters of extreme- 
wind generating severe weather systems such as squall lines, thunderstorms, and 
possibly tornadoes, and to aid in the devalopnent of conceptual and nvnerical 
Bodels of tiieaa phanoaana. 



Itey Words: Building oodei daaage classifications extrene wind; tornado; wind loads. 
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TORNADOeS MID EXTHeHB HIMQS 



The highest winds and the greatest wind-related structural dnage tiiat occur in the 
llnit«d suites are associated with tocnadoes. Since aneannetexs aze seldon located in the 
Inediata area of a tornado and oould not survive the hlcfhest winds if they were, wind- 
speeds are estimated from structural damage and by other subjective methods. Enginoering 
estimates reveal, for exainple« that winds up to 350 tnph lasting a few seconds are likely 
to produce the most tornado daoaqe in the Midwest (Fujita, 1971) . Based on estinated wind- 
speeds and photographs of actual tornado daaiage, Fujita developed the following windt^peed/ 
daoage relationships, designed to permit extreaie wind estimations without special daoage 
siirv^rs- 

FO 40-72 ncih, LIGHT DNNMGB 

Sotne damage to cbinneys and TV antennae; breaks twigs off trees; 
pusbas over shallow rooted trees. 

PI 73-112 nph, HODBmTB OMIAGE 

Peels Sax f auc off roof a J windowb brukenj liyht trailer hc-scs j, ushed 
or overturned; some trees uprooted or snapped; moving automobiles 
poshed off the road. 73 aph is the beginnin? of hurxaone wind speed. 

F2 113-157 1^, OONSII»it»LE DMHUiE 

Roofs torn off frane houses leaving strong upright walls; veak build- 
ings in rural areas deaolished; trailer houses destroyed; large trees 
snapped or uprooted; railroad boxcars pushed over; light object mis- 
siles generated; cars blown off hi^nray. 

F3 158^206 ncih, SEVERE llMt»3B 

ftoofs and some walls torn off frame bouses; sons rural buildings con- 

plotely domolished; trains overturned; -.t 1 -framed hangar-warehouse 
type structures torn; cars lifted off the ground; most trees in a for- 
est uprooted, snapped, or leveled. 

F4 207-260 E^.r., DL\'£STATING DAMAGE 

Whole frame houses leveled, leaving piles of debris; steel structures 
badly damagedi tnees debarked by small flying d^ris; oars and trains 
thrown sons distanees or rolled considerable distances} large ilssiles 

generated. 
rS 261-318 nph, INCREDIBLE OAHAGE 

Whole frame houses tossed off foundations; steel-reinf or concrete 
st:ructures badly damaged; automobile-sized missiles generated; incred- 
ible phenomena can occur. 

P6 319 nph to sonic speed, INCXMCBIVMBLB DNWGB 

Should d tornado witi^i the maximuin windspeed in excess of F6 occur, the 
extent and types of damage may not be conceived. A number of missiles 
such as ice boms, water heaters, storage tanks, automobiles, etc. will 
create serious secondary damage on structures. 
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1973 lOMMDO 5BASCK 



Last year 1109 tornad-jcs occurred thraughout thj United States nr. ICc? days, shatter- 
ing the old records of 929 tornadoes (1967) and 194 annual tornado days (1972) . tornadoes 
wwre reported in 46 St«t*e* akipping only Alaelui, abode Island, Utah, and Hasfaington. 

The tornado season be^an on January 18 and ended on New year's Fve. During the in- 
terval, 87 people were killed, 2481 injured, and property losses exceeded $500 million, 
Texas led the Nation in tornado fatalities {14}, while Georgia recorded the inost proper^ 
daiia9e, with estlnates eMoeeding $150 nlllion. Noet of the Georgia losses were the result 

of a sinqle storrr- (March "21) , which moved east-northeastward through north-central C-oorsia 
causing extremely hea."/ and alnost continuous damage along a 75-milG path. A State survey 
team estimated total damage at mors $113 nillion~the largest lOSS for any natural 

disaster in the State's history. 

More recently, durint) the afternoon and cver.inq of April 3, l^T^, an outbreak of tor- 
nadoes kiiied Bjorti than 350 p-eoplc; in the United States ar.d Canada m eight hours-- tiiree 
tines as many people as had been killed by tornadoes in the entire previous three-year 
period. The area hardest hit extended from northern niahwm and Georgia, across Tennessee 
•ad Ksntuelqr into Indiana and vestecn Ohio. In Xenia« Ohio a swath of almost cooplete da«' 
vaBtation %fas eat titrough the center of torn. 



As you know, new distributions of extrene wind in thr United States were incorporated 
into the revised Aserican National Stand^tcda Building Code Requirements for Minimum Design 
Loads in Buildings and Other Structures, published in 1972. Based on the work of them 
(196S) of NQM's BnviroBBiBatal Data Servioe* the qsm distributions increased the awage 
period of data reoonds used fxan 15 to 21 years* and the aeoure^ of the -values by about 
15%. 

Althou^ tiie ANSI Code does not consider tornadoes in its extreme wind distribatians« 
aany engineers snist consider tornado winds in the design of su^ vulnerable structures as 
hospitals and nuclear powerplants. indeed, at tills inoBient, Texas Te<^ miiverelty in Lub- 
bock 13 conducting a four-day short course on "Enginc'sring for Ebctreme Winds and Tornadoes." 
The course includes "a balemced risk approach to structural design which nay be used to 
provide oeeqpant protection and econoaie tornado resistant designs...." 

in a recent r related paper, "Residential Buildings engineered to Aesist Tornadoes," 

Sherman (1973) adopts twc maxinvati loading conditions to design and render a typical ranch- 
Style, wood-frame house tornado-resistant. For the naximua loading conditions recommended, 
the increase in construction costs amounts to only 19%. 

Given the current engineering needs and interest, the advent of the Pu^ita classifica- 
tion system seems particularly timely. Since 1971, exrfirir-'ental Fujlta estimates of tor- 
nado intensities have been made for practially etll tornadoes reported. Estimates axe also 
available for 196S tornadoes from Tecson (1972). The table belOM is reproduced from 
Pujita and Pearson (1973) and shoMS the percentages of tornadoes rsported by Fujita cate- 
gories. 



EXTREME WINDS AND AMSI DESIGN LOADS 



F Scale 



1965 



1971 



1972 



0 

1 

2 
3 
4 

S 



33% 
44 

17 

5 

1 



0.1 
893 



20% 
42 
26 
8 

2.5 



0.2 
888 



23% 
48 
24 
6 



0.8 
0.0 
740 



Total 
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AS you can see by comparing the Fujita classifications presented earlier and the At;sT 
100-year recurrence values for basic windspeed (Figure i), ail tornadoes in categories F3 
and above exceed the ANSI standard values and, except In a few hurricane-prone eo«Btal areas 
Of the Gulf and Atlantic States, so do the tornadoes in category P2. Ttiese categories 
total appcoxinately 23%, 37%, and 31% of all the tornadoes reported in 1965, 1971 and 1972, 
respectively. In nuinbers, this works out to approximately 205, 329, and 229 tornadoes for 
these years. I night add f>arenth«tically Chat the lainiituB design values on the 100-year 
recurrence chart is centered over southern Arkansas, in the heart of tornado alley. 

Leaving tomadoeB aside for the mopient, and considering only extreme winds associated 
with thunderstoms and extratropical cyclones during 1973, 74 reported values exceeded the 

100-year recurrence values. This in no way casts doiifct or. the validity of the standard 
values, but it does reflect the fact that the ANSI mean recurrence charts are based on only 
21 years of climatological record. It would appear desirable to update these calculations 
when say 25 years, then 30 years of data become available, in each instance, the increased 
data saxople should increase the accuracy of the standard extrerae values. 



A promising new remote wind-ineii:jui im-; ir.strument, an acoustic echo sounder potenti«iily 
capable of profiling low-level wind f^tructures at actual building sites — as w«ll as those 
associated with tornadoes— is now being tested by NOAA Environmental Hesearch Laboratories 
(BRL) scientists. Developed by the BitL Nave propagation Laboratory under an agreenent vitii 

the Federal A-zi ..t: i or Airir. tration (FAA) , the sounder operate? like sonar; a sound pulse 
is transmitted into ti,i_ atnwsphere and scattered by variations in the acoustic refractive 
index caused by temperature and wind fluctuations. Specifically, wind flUCt^Uations produce 
doppler frequency shifts from which both vertical and horizontal wind conponents nay be 
determined. 

Work to date xndicates that it is possible to determine wind profiles to altitudes of 
1 ka with the sounder (Beran, et al. , 1973}, In addition, the simplicity and relatively 
low cost of acoustic sounders as compared to radar or lidar makes it probable that such 
aoundbrs will play an increasingly in^rtant role in boundary layer wind studies. 



The atmospheric mechanisms which determine the type, severity, and variability of 
local weather events which generate uxtre.T.e winds aro n'_ is:::-. caltj ls, stems. Until recently, 
however, most atmospheric studies have concentrated on oicro- and saacroscale phenraaena. 
Interest in the mesescale has quidcened in the past few years due largely to tiie develop- 
ment of doppler radar and acoustic sounders, which appear capable of defining the three- 
dinensional motion field of convection storms. This, in turn, has quickexted interest In 
tbe three-dimensional numerical sismlation of severe stoms. 

Tlie proposed MOM Severe Environmental Stonn and Hesosoale Experiment (SBSAHB) is an 

observational/research c-ffcrt designed to identify the processes and cont roll ir.'- i: ■i.r.i" ters 
of extren>e-wind-generat.;.r»9 systecis such as squail lir.es, thunderstomy; , and pc-^^iLly tor- 
nadoes, and to aid in the development of conceptual and num«ri<~al models of 'ii- i;c [ r.cn onona 
satellite, acoustic echo sounder, radar (doppler, continuous-wave, and pulsed), radiosonde, 
and surface end aircraft observatians— coordinated in a time and space fraasMork pertinent 
to thr rheno^ena studiod-'^ill be fad into easputers to develop end test swsoscale nuneri- 
cal inadels. 

A preliminary shakedown period is scheduled for the Fall of 1976 to provide for ini- 
tial calibration and ovalxiation of the data system, end to allow a short period for minor 

alteratior.E prior to the first three-month observational program, planned for the Spring 
of 1977. A second observational period is planned for the Spring of 1979. The 21-month 

gap will allow tine for analysis of the 1977 observational data and pemit revisions of 
any inadequate data acquisition procedures. 



OHSXTE HIMD MEJtSURBHEMT 



MOOeLinC EXnOBMB-ttXIlO GENBmTING SYSTEHS 
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In general, the sttidy of the effects of local vrLnds on stcuetoMa is prl- 
■arily based on data obtained tram wind tunnel eiq^rinents. As an exaaple of 
such studies, an in-wstigatian of air flow arowid MAatojioia Island celatlve 
to the wind resistant design of a long suvMslon bridge baa been oonducted 
and will be presented. 

However, it is not reasonable to conduct such a study entirely related to 
wind tunnel experiments, as the similitude rule has not been established. Thei^e- 
fore, field observations have beon made in parallel with the wind tunnel experi— 
Mnts and the data obtained by both soorces are then coaqpjired. Thus, the re- 
sults ebtained fzoa the wind tunnel esperlnsnt axe more reliable. 

Nsy VbtdSi Bridge; gust: metorologioal datai topogra^cal ttOdali «dnd loadi wind 



profile; wind tunnel. 
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ZMTROniCTIOIt 



In Studying the effects of local winds, the collection and analysis of field data ia, 

needless to say, the most desiraJsle. In practice, however, the acquisition of field data 
is laborious &nd requires a vast aiaount of tine and mxpmns^, thartt£or«« wind tunnel testa 
are cooductad deapita varlotts difficulties notably tiie principle of sinilitude. 

Because of these dif f iculties > wind tunnel teats were eondueted in conjunction witii 

field observations, and then comparisons of the data obtained from both sources vas made* 
As will bo noted, the field data does not always agree with the wind tunnel test data. 

In collecting the data a tefezence point shoui^i be fixed ao there ia sinilarity be* 
tween the tunnel and the natural winds and they az^ optimun. Itierefore, the location of 

the reference points and the physical elements to be observed arc usually determined during 
the planning o£ wind tunnel experiments. The nunber of the observation points, the ele- 
ments to be observed, and the time required are generally greater than would be allowed 
because of budget restrictions. Also, the principles of similitude^ which are nest reli* 
able in the area of effective Reynolds number, must be employed. 

Based on Uiese conditions, the effects of local winds on structures have been studied 
by using a urind tunnel, hn eaaaple of the type of wind tunnel test study that can be oon> 

ducted will be presented in relation to an investigation of the wind regime around the 
Nakatojlma Island and the wind- resistant design of a long suspension bridge. Numerous 
otdter atudiea haw been aade in our laboratory, aa detailed in Table 1. 



In designing a suspension bridge for wind loading, the upward attack angle of the wind 
against the teidge ia an ia^ortant matter, and must be cerefully consldsred. The wind ef* 

fects, due to the land topography, were initially evaliatpd clyrir.g a rrpliminary survey 
prior to the building of the Second Giant 3riJ:ie of .-Car jshina, whici> tonnucts Honshu and 
Shikoku. The primary area wherf^ wind condi •. io:iL. jtl- mj ortant is NaXattjj ina, i littli: 
island located four Kilooteters to the north of Imabari in the Shikoku District. In the 
eoaatruetion of the bridgv, the bridge axis ia plaimed to paM north of and parallel with 
the ridge line of the island. Therefore, a considerably steep up-draft air flow can be ex- 
pected during a northerly wind. Although the air current may not necessarily affect the 
entire span of the bridge:, its vcrti-cal inclination .-an Ll cxcuudiinjly laroo and the 
region in which the air current appears from the different wind directions is not )uiown. 
In case of a southerly wind, the bridge axis will be located on the leeward aide of 
Nakatojima. Although the level of the bridge girder is a few meters higher than the island 
top, a violent turbulence is expected to dominate the leeward side air current. Therefore, 
tlM Study included both tlie noct^rly and southerly wind directions. 

The prinary investigation was directed toward the wind tunnal e^qpariaentfl, however, 

in order to compare these results with those in the field, actual observations of the wind 
direction and speed were made at two points on Nakatojima Island during a three-month 
period. Location of the observation sites and the level of the ms, truncnts arc- given ir, 
Figure 1. Stations are distributed in s\x:h a way that the difference in wind speeds at 
two points in the island and the existence of separatloa phanomanoB aivectad in the lea- 
wexd side of ttie island can be exanlned. 



atojima island is Iscated to the north of Imabari, approximately in the middle of 
Kurusiii.:!^ Straits. It is a snail island, spanning a distance of 390 ra. east to west and 
IBO ro. north to south witr. a height or '3 m. above sea level. On its northern and southern 
shores, the slopes have an inclination of 40°. Mith this background, it can be easily 
understood that the peculiar topogvi«hy of the island may provide Strang air currents on 



INVESnCKTION OT THB KINI) M96XMB AT THE BSXDGB BOILDIMG SITB 
NEAF KAKATOJIMA ISLAND 



TOPOGBAPUIC C»liOZTIONS 




the island in addition to tlw fact that there im no tumtbjf island vliidi any afftet the 

aix current. 



NBTHOD or ZMVBSTIGATION 

(i) Wind Tunnel Experiment 

For tha wind tunnel eiqperiment, three topographic models with reduced scales ot 1/500 > 
lAfOOO, and 1/1*500 were prepared. The first model whi^ woe used in the n^arimnta, 

in conjunction with the Cottingen-tyx e wind tunnel fl.":^ r,. in diameter), distributions Of 

the wind angle and wir.d speed aruLmd i^akatojima, wtre neasuivd in detail. 

In order to study the behavior o£ the air current across the island, in ease of stable 
stxatlfication of the atmsphere, a second model was prepared. 

The last model was used to study the topographic effect of a wider area, including 
llakatojima and ether adjaeene islands « relative to the air flow. 

(ii) Field Observation 

In conducting tha £i«ld tests, aerovanes wore placed at two points on the island, one 
at the top of the island (Point A) and the other on the northern slope (Point fi) in order 
to A***-**** data on the wind direction and speed. The levels of the aerovanes are 76.0 m, 
and 29.5 n., respectively. Point B, which is located at almt half of the hei^t of the 
island and susceptible to tppoQ^^phic sffsots, wss duisen as an dbservation point to chedc 
similitude. 



WIND TUNNEL EXPERIMENT 

(i) Measurement and Analysis of the Vertical Inclination Angle 

The vertical inclination angle of the air current over the northern slope of Nakato- 
jima Island was the principle object of the present investigation. In the wind tunnel ex- 
periment, the vertical inclination was generally determined from the measurement of the U 
and M coqponents of the wind, making use of the X-proble of the hot-wire anemeaeter. How- 
ever, in order to liii>zov« the precision of nsasuremsnt, a contlnnoua record of the varti* 

cal inclination was madf . This re T^ires a Tiodi f icati on to the electric circuit of thf? 
instruBMint, the dcitAiia ul which are not ^iveit hecein. Thfc tur.iiel wii;d spiied that was 
used in the experiment was 7.0 n./s. for both the vertical inclination and wind speed dis- 
tribution. Results of the sieasurement for each wind direction will be given as follows t 

Casa of Horaiarly Wind 

In this case, the wind blows perpendicular to tha bridge axis. As seen from 
the dietribution curve of the vertical inclination given in rigise 2-A, there is a 
vary strong up-draft current which has a majciman of 25* relative to tiie nortiiem 
slope. This maximxsn inclination naturally corresponds to the top of the island. 
The up-draft of the wind is maintained for a considerable distance, even whan the 
point of mcaauremsnt is ovar the waters off the western edge of tlie islandf as shown 
in Figure 2-A. 

Case of Southarly Wind 

Figure 2-B shows the result of the measuremmt for the case of the current blow- 
ing perpendicularly to the bridge with a southorly wind direction, in this case, the 
bridge girdar seems to b« In tUm wika of tha island and tha»t tha vmrtieal inclination 
changes so strongly that its upward or downward aansa cannot be datarmlnad froak the 

distribution curve. 



II-3 



(ii) Vbe Measorenent and Analysis of Wind Speed DistKibution 



The ejqaerimeats weze perforand with tha aama topographic model, as described pM- 
vioualy, with the sane measuring line and points as stated above. 

Ceae of Hertherly Wind 

ttie wind distribution along the bridge axis, as induced by the northerly wind, 

is shown in Figure 3-A. As seen by the distribution curve at that level where the 
bridge girder is located (secoad curve from the top in Figure J-A) , there is a ten- 
dency for the wind to decrease in the middle of the island and increase on both ends, 
relative to the tunnel wjjtd speed. This tendencgr is especially proednent in the 
western part of the island. 

Case of southagly Wind 

In this case, the distribution curve of the wind speed shows unusual eiharacter- 
istics (see Figure 3-B) . Naiaely, on the leeward side at the middle of the island, 
the wind is exceedingly weak, being 1/7 or less of the wind tuntM l l, icd. Tho dis- 
tance vAiece the wind speed decraases substantially is 200 to 250 m., after conversion 
to actual scale. On the eastern and western snds« the wind speeds conversely in- 
crease as tiae distance increases. 

The decreasa of the wind speed due to the southerly wind can be understood if we 
consider that the measuring line along the bridge axis is in ttia wake of the island. 
However, since the decreese of the wind ^eed was drastic r the level of the boundary 

surface between the general air current and the reverse air -nrr^nt due to Sf-paration 
was measured. The results of these moasuroments are sliown iu i iyure 4. Altliouijh the 
level of the boundary surface changes strongly and is difficult to determine precisely, 
a general trend can be established. As seen in Figure 4, the level of the bou n dary is 
highest over tile northern slope of the island and its height is neerly the seas as 
that of the bridge girder. 

In principle, this boundary surface represents the discontinuity between the gen- 
eral and reverse currents and ia theoretically the surface on which the wind speed is 
reduced to aero. Accordingly » it ie clear that the rapid decrease of the wind ^peed^ 

as seen in the distribution curves given in Figure 3-B, is dtie tO tiM COincj dSWOW in 

height of the bridge girder and the boundary Surface. 

(iii) Eiqperiments in the Stratified Mind Tunnel 

In order to visually obtain a pattern of the air flow passing over Nakatojima Tslar.3, 
and to establish the «££act of tho stratified aUaosph«re on the pattern, experiments were 
made with a aodel built to a scale of 1/1. 000 , and tested in ttie stratified wind tiannml. 

The first investigation was conducted using a stable air flow pattern. Plate 3 shews 

the pattern when the wind speed is 0.4 ra./s. and the vertical den^'ty gradient is 0.006 
gr./cm.^. A stagnant vortex, almost round, was found in the winuw^ia mdc of '^lie island. 

Mote that the wind passing over the top of the island tends to descend on the leeward 
side. Xn such a case the boundary surface also decreases on the leeward side. Separation 
does not coapletely disappear and the reverse flow still exists. 

The Froude number, which represents the stability in the atao^phere, is approxiTdtcly 
1.79 for the present ei^eriments, which can be found in the real atsosphere. Accordingly, 
the floM pattern dbtainad in the experinnts can «xl«t in tiie ataosplioro iriiea the wind is 
ligbt and the stratification is stable. 

The next experiments that were conducted were under the condition that the wiiid speed 
was l.S m./8., the stratification was neutral, and a grid was installed in order to make 
tlie air flow turbulent. This pattern is shown in Plate 3. TIm atxaamlinSf in oontrast 
with Plate 2, still ascended after paasing over the top of the island. 

Zl-d 
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(iv) EHfweimaatm with a Ragianal Vopognvhle Medal and tbelr Analysla 



Expc-riraentbi on a ru'^ional topographic nodol, built to a scale of 1/1,500, were made 

SO as to ioclude not only Nakatojiaa Island but adjacent islands. These Islands can nake 
t±t» flow pattarn wu6k aora ooaplioatad and «bo«ild ba oonaidaxad in tiia torldqa design. 

Measuremer.ts of the vertical inclination of the air flow in the northerly direction 
ahews that the wind blows up on the side of Nakatojina Island and Umajima Island (see Flg- 
ura 5). A horizontal air flov can only ba found at tha central part of ttaa atraita. 

The wind speed distribution has no rrarked characteristics, vhon the wind comes fron 
the north, but the southerly winds show characteristics of a strait wind: i.e., the flow 
eowarafes and the speed Increases all ovar tha strait. Its increase rate is higih at tha 
ooaat of both ialanda and low at tha oantral part of tha atrait (aaa Figure 6) . 



IB order to evaluate the reliabillQr of the wind tunnel aiqperiaenta» aataoixological 
data was obtained from Nakatojima Island and then analyzed. The aerovane at the top of 

the island (Point A) was installed on the pole 15 m. ahovo the ground, thus the wind t^aad 
can be considered to be general air flow. The wind at the north slope of the island 
(Pdiit B) io ooqiarad witti that ebtaiaad at Point A. 

The results axe depicted m tigure 7, whore the wind is represented as a vector and 
the figure in the parentheses shotirs the frequency. Only the followlag wind dlzaotioOS 
ware studied, because these have the aain influence on the bridges 



The winds were divided into three grotpsi weak (0.5-5.0 a./8.), nodarate (5.1-10.0 
B./8.), and strong (higher than 10.1 a./s.}, beoauae aaparattioa depaada ivon the wind 



Case of southerly Wind 

Mhen the general wind (naaiely, the wind at Point A) is southerly, the local triad 
at Point B has almost an opposite direction (see Figure 7-A) , with separation taking 
place on the north slope of the island. Separation does exist even during a light 
triad. Iha wind ijpaed at Point B la low* but iaexaaaaa alaoat proportionally with an 
laezaaae of tha general flew. 

Caaa of Itertherlv Wind 

Whan the general flow is northerly, tlie loeal wind at Point B has a rather large 
flwtiMtion of dlnetlOB, tat has «lan«t tiM diraetion (sea Figuxa 7-9) . 



Tn order to evaluate the results obtained from the wind tunnel, meteorological obser- 
vations were made at two points on Nakatojina Island. Relationships between the air flow 
in the wind tunnel and the natural wind was than studied. Ihe following will describe 
tbese relationahips: 

(1) S^aratioa 

During a aoutiMrly wind, acvaration was fbund over the north slope for bo0t cases. 
<ii) Ratio of Wind gpe eda 



ANALYSIS Of FIEU> K£T£OROX<0GICAL OATA 



Southerly Wind: SW, SSW, S, SSE, SE 
NorUteriy wind: NW, NNM, N, NNE, NE 



FLGH ZM TUB NIMP TUNMBL AND NKXtJHAi:. MIHO 
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The ratio of the wind speeds, between the two points^ is shown in Table 2. In 
tha oortharly wind, tha wind agevX in tbe wind ttumel Is a little lower than that ob- 
macwmAat tlia actual Bitaa* Thaaa mlueaf havavar* aaan to faa In good agraanant, eon* 
•idoxloig tha oonplicatod ehanctaxlstics of tha Hinds. 

In the northerly Wlndi Whea the flow pattern is much more conplicated, the ratios 
show that tha flcnr saans to agree fairly well between the model esqEteriaents and field 
observation. 

In Table 2, the ratio of wind speeds as observed at Points C and O (see Figure 
1) tliat were obtained a f«fw years age axe praaantad. llwsa values ware obtained «t 

a tower (110 tn. high above the ground! which was used to support electric pONOr llnSS« 
and at another tower (51 ro.) used as a signal station for tidal current. 

(ill) Similarity of Turbulance 

In the present experinent, a grid was placed in the wind tunnel as a turbulence 
generator (see Plate 4). The grid consists of 40 ann. of square mesh, constructed of 
10 ram. square bars. The turbulence thus generated should be similar to that developed 
by a natural wind. The similarity has not been coBpletely studied, however, the grid 
sMM to generate effective patterns which are similar for both cases (for exaiqple, 
s^aration and stagnant vortex). 

(iv) Bff active tayBolda Muster 

\ ooiVlete solution has not been obtained of the sisdlitode between the model in 

the wind tunnel experixent and tlie field obser'-'ation. However, when the effective 
Reynolds numbei; aaa ilm s&iMd valao for both cases, the similarity seems to hold with 
a high degree of accuracy, at least under the condition that the strong wind passes 
over the isolated island such as Nakatojima. Here the effective R^nolds nusbar ia 
defined as tihe tia^mt using the tudxilent diffusivl^, K. ilk place of tita UnaMtie 
viscosity, p. Vhe effective Reynolds nuaber is si^ressed as foUowst 




(1) 



where u tauS L are the wind speed and the length, respectively. 

However, from the theory of turbulence, K = iu' , where i is the representative 
length of the "eddies," and u* is the RMs of the fluctuation of the tuxbulenoe. Ac* 
eoxdingly, the following equation is obtained: 

«E = ^ «> 
iu' 

The term D/b* is the reciprocal of the intensity of the turbulence and h/l is the 

ratio of the representative length of the topography to that of the eddies. COBSe» 
quently, an adjustment of the effective Reynolds number can mean an adjustment to 
both of tnese two termn. Botii terns c:di. be measured durinq the field ofcsei-vation» 

and they can be adjustable in tha wind tunnel. From existing data obtained in the 
field, Rg can be estlnated as 10 to 100, in the present eaqpertaents 9^ in the wind 

tunnel is about 300. It means that the grid size is smaller, oonsidering that the 
model is made on the scale o£ 1/SOO. Investigation of the effect Of the dlfferenoa 

of 1^ haa not been nade. 

OOHCUISZON 

Difficulties in the vind tunriei experiments are due to the fact that the Similitude 
rule haa not been established. However, because it is difficult to conduct intensive ob- 
servntioAB at the site and to analyse the long-tam data, a ooafci nation of the wind tunnel 

exj-er irnents arid rather sinple field observations seems appropriate. In this mnnsr the 
wind conditions at NaJcatojina Island were examined and described herein. 
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Table 1. 



Exnpl«s of Studies Mide By 
Uini TVinnel Experinent 



Thnw of Stud/ 



Clear Air Turbulence on 
the leeward side of Nt. 

FUji 



Point of Reference 



Distinction of wind regimes 
idiether it is nountain wave 
type or separation type 



Observation Point and 
Elements observed 



Tracking of non-buoyant 
biltoon flown fron suaait 
by a tracking radar 



Turbulent flow around 
an airport 



Distinction of turbulent 
wind systens on the lee- 
ward side slope of a bill 



Double theodolite observa- 
tion of balloons over the 

runway ;ind riccclcrometric 
observation of aircraft 
Vibration 



Strong winds around a 
high building 



Comparison between general 
wind speed in urban area and 
the wind speed near the 
building 



Surface virid observation 
at the roof-top of a 
building and around it 



Determination of the 
anenometer level for 
Mt. Fuji Heather 
Station 



Vertical inclination of 
air flow 



Observation of vertical 
inclination by eaitting 
smoke fron the suMtit 



Strait wind at the Vertical distribution of Observation of vertical 

KMWOn Straits wind speed at 1 cape fsc- distribution of wind on 

ing to the Straits the power transmission 

tower 



Strait wind at Mekari Comparison of winds at Wind observation by aero- 

Straits three points on the coast vano and chservation of 

of Strait and on the sea strait mdc bv nnn-b-.;r,yant 

balloon flown from three 
points OD the sea 



Wind regime around 
Nakatojiaa Island 



Ratio of wind speeds at 

the top and on the slope 
of the island and the 
separation 



Observation of uind direc- 
tion and speed at the top 
and on the slope of the 
island. 
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Table 2. Ratio of the wind speeds 



Wind direction 


NN 


raw 


N 


NNB 


NE 


SSM 


SW 


S SSE 


se 




wind tunnel 
cxperinent 


0.79 


0.64 


0.S4 


0.54 


O.Sl 


0.13 


0.20 


0.18 - 


0.23 














































field 


0.92 


0.7S 


0.7S 


0.62 


0.67 


O.SO 


0.18 


0.12 - 






observation 






















wind tunnel 
experiaent 


0.91 


1.00 


1.08 


0.96 


0.94 


0.96 




0.94 - 


0.46 














































fir-Kl 


0.92 


0.98 


0.99 


0.86 


0.90 


0.81 




0.92 - 


0.79 




observation 
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Plate I. Nakalojima Is. viewed from the eastern sea. Northern and southern 
slopes are very steep. 




Plate 2. Pattern of air flow in case of highly stable stratification and weak 

wind (experiment in the stratification wind tunnel). Air flows down 
after crossing the ridge of island. 
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Plate 3. Pattern of air flow in case of neutral stratification and strong wind. 
Air continues to flow up after crossing the ridge of island. 




"Plate 4. Models of Nakatojima Island and the Second Giant Bridge of Kurushima 



in the wind tunnel (scale: 1/500) and grid of turbulence generator on 
the left. 
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t S£ BP** CROSS SECTION OF 

NAKATOJIMA 



Fig. 1. Location and the level of observation of aerovane in Naktcgima is. 
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Fig. 2— A. Vettkal indimtlon along the bfidge axis on Uie nordiem side of 

Nakatojima obtained by wind-tunnel experiment. Wind direction 
N-NNE. 
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30^ 



30» 



HEIGHT l7CM(a5M) 




Fig. 2— B. Vertical inclination along the bridge axis on the northern side of 
Nalutqiiina obtained by wind-tunnel experiment. 
Wind diiection SSW-S. 
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HEIGHT I7CM(85M) 




Fig. 3-Bw INstrfbution of wind speed along the bridge axis on the northern side 

of Nakatojima obtained by wind'tunnel experiment 
Wind direction SSW-S. 



i 
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Fig. S. Vertical indination of the wind obtained with a regional toponaphic 
model induding both Nakatqiima and Umidinia Manda. 

Scale 1/1,500. Wind dlnction N-NNE 
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Fi%. 6. Wind speed distribution widi a v^onal topognpluc model 

Scale 1/1,500, Wind direction SSW-^S 
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WEAK WIND 



® 




0' 




MODERATE 
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Fig. 7-A. Relationship between the wind at Points A unU B in Nakatojima 
Island. Wind direction at Point A SSW 
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Fig.7'B. Same as in Flg.7-A but wind directioii at Ptoint A NNE 
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A STUDY OP WI^rD PPrssviFJiS ck a ingle-familV OMBIiLIIIQ 

IN MOOEL AND i ULL SCALE 



toy 



R. D. ffarshall 



StTttCtures Saefcion 
Center for Building Technology, lAT 

National Bureau of Standards 
Hasbington, O.c. 20234 



wind pressures measured oi. i ;;ingle-fainily dwelling are compared with results obtained 
fron a 1:50 scale nodal placed in a turbulent boundary layer. It is shown that the fluc- 
tuating coipoiMiitc Of sorfaoa pcesaorM far exoeed the nean or steady pvessures and are well 

correlated over sizeable roof areas. The consistently low fluctuating pressure coefficients 
obtained fron the wind tunnel model are attributed to improper simulation of the lower 
portion of the atmospheric boundary layer. Comparisons between actual loads and specified . 
design loads suggest that certain current provisions are marginal for tributary areas and 
eaceeaaivtt tar localised areas sueb aa ridges r aavea and corners* A procedure for eaquressing 
loals on both localized ani extended roof areas in teras of Man pressure coefficients and 
a peak factor is described. 



Key NOrdSt Aerravna.T.i js; boundary layersi fauildingsi codes and atandardsf wind loadsi 



wind tunnels. 
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1.0 



INTRQDUCTICN 



Iteseazv^ owr tha past tan y«Bzs into the effects of wind on buildings and 

other r.truct'vce': is siqnifi ~antly infl-jencing iesiqr\ phrlcsopy.y and practice M 
is evidenced by recent najor revisions of iiuilding wodes and standards, both 
here in the United States and abroad. Perhaps the most signifiOBnt improvement 
has been the recognition of wind loading as a sto^aatie pseeess end the foxm- 
lation of design criteria baaed upon acceptable levels of risk. Other inprove- 
ments include provisions for varioxis classes or categories of terrain roughness 
and tha wind-tunnel siaulation of the ataiospheric boundary layer when measuring 
pcessore eoefficlents and dynaaic respooM factors. 

In spite of these inportant advances, considerable work resains to be done. 

This is particularly true of those coda provisions covering the design of low- 
risa buildings which have not benefited from this research in the seune propor- 
tion as tall Structures, it is Interesting to note that pressure coefficients 
in oorzent use are baaed in large part on wind tunnel studies carried out in uni- 
form flows of lew tuAulsneSr using instrunsntation enable of neasuring only 
rr.f^rm pressures. It is obvious, therefore, that a major effort must be n'afle in 
the wind-tunnel modeling of low-rise structures. Prior to this, however, the 
validity of Modeling tedmlqoes must be established by comparing test results 
with reprssentative ■sasureaants obtained from full-scale buildings. Hie in- 
vestigation described in tlie following sections is an attempt to provide a pce^ 
liminary ooqparison between aodel and fUU-aeale teet reeulte for « eiiigle-Caimily 



Hie site selected for this study is located at Malastron Air Force Base, Montana* 
directly to the east of tile city of Great Falls. The region is noted fbr its "diinodk" 

winds which regularly blow out of the southwest during the winter months. Thie terrain 
surrounding the test site is markedly flat and free of significant obstructions. Although 
the mean hourly speeds for the area are quite hi^ (14-17 pvh) , extceiss %iinds saldoii eoueed 



The building investigated ir- a r, ingi e- fair.i ly ilvfilltng, one nf four q lite simllEir unit^ 
located in an area having a clear wind exposure extending from the west clockwise aroor.d to 
the south. A cluster of two-story housing units is located approximately 300 feet south- 
west of the test site and extends in that direction for approximately 1800 feet (see Figure 
1) . Ihe tost building and adjacent structurss are shewn in Figure 2. The test building 
has basic plan dimensions of 22 x 75 feet with a 16 x 19 feet wing (Figure 3). The XOOf 
pitch is 11.5 degrees and the eaves overhang is ^.5 feet. 



dwelling. 



2.0 



THE TEST SITE 



70 qph. 
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3.0 vaursaax test yHuumuHK 



Surface praMitfM mm iMasund at nina points on the Toof (P1-P9) and at one point 

under the eaves (PIO). In addition, the- i:iter:ial pressure was measured in the garage area 

(P12) . An additional pressure tap (Pll) was installed under the eaves in the wind-tunnel 
aedel. Vo avoid penaitrating the roof Madbrane witit pmasore taps and at the »tmm ttm» 

accurately measure pressures over the roof surface, the pressure transducers were mounted 
under low-profile housings having a height of 1.4 inches and a diameter of 2 feet. All trans- 
ducers were referenced to a vane-mounted pltot Static tuiba locatad 9.5 fast abowa tha rldga 
Una, i.e., 20 faat above ground level. 

Kind speed and direction were obtained with a propeller-vane ancmonetcr located 21.5 
feet aiaove ground level. A standard National Weather Service three-cup aneiEomater was 
used to trigger tlw data acquisition syston when wind speeds escaadad a preset level. 
Positions of tha praaaure transduceca* pi tot static probe, and anaawaatara are shotm in 



A fourteen-channel emalog tape recorder was used to acquire data. In «u3dition to the 
eleven pressura algiiala, wind apaad, and wind diraetion, a tlaa coda ma xaoordad to iden- 
tify the data runs or records. Nomal operating procedure was to set the systen Uureshold 

at 40 mph and record for fifteen minutes. The system would then enter a one-hour hold 
period before checking the wind Sfoed jgainst the preset value. While this procedure re- 
sulted in a number of redundant records, it did provide data corresponding to peak winds 
in irliitar atons paaaino throng tha raQioa. Thaaa stoxBS ganarally bad a duration of 
from one to three days. Barometric pressure, temperature, and other weathar data waxa ob- 
tained from hourly observations made by the 3rd Heather Wing, USAF. 



In order to increase the value of the fuil-ccale test results, aid in their interpre- 
tation and explore the feasibility of modeling the natural wind at an unconventional scale, 
a aaries of wind tunnel tests were conducted during the course of the study using a nodal 
aoala of liSO. 

The tunnel used for these tests is one of several operated by Colorado State Univer- 
aity and has a 6 ft. square by 40-ft. long aorking section. To simulate the natural triJld* 
a thick ahaar li^ar was astabliahad by uaa of a roir of spirea and a aairtooth fanca in^ 
stalled at the wozlcing section entrance. In addition, all adjacent and upwind stmetures 

were r.odeled i:i the tunnel. This approach has been de.'icribed by Melbourne fl) and Standen 

(2) and trtien compared with results obtained using surface roughness elements alone, it sub- 
ataatially ineraasad tha growth rata of tha boundary laysr and incxaaaad tSw aoala of tur- 
bulence at the position of tha nodal, 33.7 feet dowiBtrean froB tha spires. Splra details 
and position of the awdel axe shown in Figure 4. 



Figure 3. 



4.0 WmD miNBL nST raOCBDDRB 
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Pressures were measured with the same transAieen and rea>rding systea UMd £0K the 
full-8C«l« »tu4y< tttm oriCloe-tube ooabiiiatioiia aiAlbltad ■ aatisfaetoixy fxaqoancy rv 

spons« out to 100 Hz. til prassura masammts rsferenced to a pltot static ttdba 
located four fet-'t above the tunnel floor, directly over the building nodel. Wind speed 
raoords and static <u>d dynaaic pressures were obtained by means of a hot-wire anemometer 
and pltot tvhe located in tbm Btm relative positiona aa the instruBents in the full- 
aeala stn^y. In addition, Man velocity profiles %Mea obtained at the position of tiia 
■QdaX flor aadi of tha four wind dicoctions studied. 



$.0 laah mocncm mo jwuursis 

Analog tapes containing full-scale and wind tunnel data were processed using the data 
system described in Ref. 3. The usual procedure was to plot the full-scale wind speed and 
direction records on a stripchart recorder and to than select those reoocds exhibiting a 
satisfactory degree of statlonaxltr for dstallad analysis. Analog to digital conversion 
was accQmplishod at a rate of sixteen samples per second with a total of 12,000 samples 
per record or a digital record length of 750 seconds. By using a reduced playback spead, 
it was possible to digitize the wind tunnel data at the same affective rate and account for 
the 50:1 change in tine scale. Thus the time and frec)>iency scales were assumed to be 
identical in tba avdwaqvant data aaalyais. Mih tha excfl{pti<m of tha hot-wixa raoocda, all 
raonzda vara obtained ttom tranadnoecs ajdiibttlng linaar diaraetoKlatiea. 

A series of computer programs have been developed at the NBS for the analysis of ran- 
dom date. These include PROGRAM 2 idii^ foxaata saq^eatial channel aaaples into sequen- 
tial saaplea for a given channel f conox whidb parfstna lew-paaa filtering and contains 
options for computing the mean, rms, auto- and cross-correlation, spectral density and 
coherence £unctioiu>j PDF which computes probcibility densities And tabulates peak values and 
aaaocleted zero-crossing rataai and SOHP which generates a new data series based on the 
area integration of anrfaoa praaauraa* In «ddition# aubcoutinas aniat for linearising hot- 
wire raoocda and oorracting fixad-diraction propeller anaMoawter reoorda toK dapartiiraa 
fron tha ooaiaa law. 

In the study reported herein, no atten^t was made to remove trends from the data seriaa 
prior to analysis, the records being visually soraenad before oooveraion. However, even 
with thia aeraaning, there were certain records prooasaed lAidk indicated significant 

trends as reflected by their segmental means and auto-correlation functions. Most steps 
in the analysis were preceded by low-pass filtering, each four successive samples being 
averaged and resulting in a record size of 3,000 samples. Auto- correlations Ware calculatad 

fdr 200 laga, followed by a 0.02 Hs fijcad-bandwidtb apectral analyaia. 



6.0 MEASUREMEirr RESULTS AND OISCUSSIOi>) 

Field aaaauiaaants at the Montana test site ware obtained over a five-aonth period 
during 1971-72, yielding approxlBately fifteen boors of recordings under atrong wind con> 

ditions. Four different wind directions were selected for subsequent wind tunnel simula- 
tion on the basis of differing obetructior.s over the wind fetch. Due to demands placed on 
test egoipaent, only a pcelladnary analysis of the field data was available at the time 
the wind tinael atudiea ware cendaeted. Aiia pcovad to be unfortunate in that a better 
siaalation of the natural %rind could have been adiiaved with slight additional effbrt. 

In the following sections, run numbers with three digits designate full-scale data 
end wind aaiautii anglea (0) are ■aaaured clodcwiee froa noirtii. 

6,X Siaulation of the Atmospheric Boundary Layer 

Because of the modal scale used in this study and the physical size of th<e wind 
tunnel facility, a siaulatioo of only the lower 100 feet of the at^nospheric boundary 
lagrez was attanpted. Raatrictioaa placed on the uae of the field test site did not 
allciw the inatallation of a aateorelogieal towar of aaf f icleat hei^t to eatabliih 



characteristics of th« atinospheric boundary layer over thiis ranye. Fiolc3 moasuroments 
Of wind speed %rere thus limited to one point, 21.5 feet above ground level. As will 
ba dlseussed later, this necessitated ooxxeetloms to tbe Man xmtmrmtm apaada and 
praaaurea during tbm data analyaia. 

Typical mean velocity profiles measured at the position occupied by the model 
(33.7 feet downstream) are shown in Figure 5 as a power law representation. In plot- 
ting these profiles, it was assumed that the actual acale of the shear flow was 1:S0 
and that tha thieknaaa. of the ataiospheric boundary layer waa 900 feat. The first pro* 
file oorrespoada to tha case of only the spires and sawtootl) fence installed and ex- 
hibits a -satisfactory velocity distribution only up to a full-scale height of appro:^ 
ioately thirty feet. The second profile corresponds to an azinutb angle of 0 = 341 
deq g a aa , tiia dlzaetion hawing the leaat nuober of atrueturaa i^wlnd. Mthough tha 

profile agrees *rell with the power law up to approximately ninety feet, there is a 
substantial departure above tius height. Only for azimuth angles of 186, 211, and 
256 degrees did the mean velocity profiles correspond to the power law above 100 feet, 
lha dapartusa of the pxr^lle for 0 - 211 degraaa froa tha power law for Z/^ ^ 0.025 
ia due to the nai^ifaoring houae directly upwind. 

While the e)QX}nents obtained from the plots in Figxire 5 are in c^od agreesnent 
with recomnended values for terrain typical of the test site, there is nothing to 
aiaggeat that tha acala ratio ia in fact 1>S0. The pcofilea for 6 » 211, 256, and 
341 degreaa are plotted aa a log law in Figure 6. Tha oorrasponding roughness 
heights (Zq) , were found to be 0.12, 0.23, and 0.007 inches (0.30, 0.58, and 0.02 cm). 
Belli we 1 1 (41 determined a value o£ 8 cm. for open country at Heathrow and Carding ton. 
Thia would ^ J jest a scale ratio of from 1:15 to 1:400 for the atmospheric bonudaxy 
l^far oiBulation. Only the very lowest portion of the profile for B = 341 degreea 
oonea^poada to tiie log law and it la suggested that the scale ratios aaaociated with 
the peaka of tha turbmonee apectra are mora oaaningful* 

$pectral daoaity funetiona for 0 • 25« dsgreea (Run Noa. 311 and 22) and 8 • 21.5 

feet are plotted on Monin coordinates ir. Figure 7. The wavelerTth? associated with 
spectral peaks are approxiraately 10.8 and 870 feet for model dna tail -scale, respec- 
tively, indicating a scale ratio of 1:80 for this wind direction. It is seen that 
the e lq pee of the apeotra below and above the paafca agree reaaonably well with thoaa 
of tiM won Kamaa apoetral danai^ funetian« +1*0 and -2/3* re^paetiwely. ihe acale 
ratios obtained in thla Mnner for 6 ■ 311 and 341 degreea nexe foind to be ls90 and 
1:60, respectively. 

Flow prqpertiea for four groiyo of directlona are liated in Table I. Oofortunate- 
ly, turbulence oMaanreaMnts were obtained only at 2 ■ 21.5 feet, theae being liwtted 

to the longitudinal component, with the exception S ■ 211 degrees, the turbulence 
intensities measured in the tunnel are approximately fifty percent of the correspond- 
ding full-scale values. Run No. 24 for B " 211 degrees was obtained with the splrea 
and vpaind nodeia re a t av ed fron the tunnel* the boundary layer t hi c hne ea for thie 
eaae being approxinHitely sixteen Indiaa. Xiao included in Table T are tite naxiimim 
speeds observed in the full-scale data over a time interval of 750 seconds, the 
average frequency of occurrence of peak values (commonly referred to as the zero cros- 
aing rate), and the mean velocity at S • 10 atttara. Pull-scale valuee of ajre 
baaed i^n the ratio ^iq/^h which waa naaurad in the wind tunnel. 

The use of spire5 and roughness eleoients in tun.nels with short working sections 
results in mean velocity profilea that are quite acceptable when compared with either 
the log law or poMar law r ap r e e eotatione. However, it ia obvious that the turfaulenee 
ofaaraoteriatlca are not aluaya in aatiafaetory agreanaat with full-acale valtiea. 

While the shapes of the spectral density functions agree fairly well with the 
full-scale functions, both the scale and intensity of turbulence ue low. This sug- 
geata tliat the aurfaoe rooghnaaa elenaata nnat he nodeled at a diatectad aoala and 
that a minimum roughness must be maintained In the tunnel idisn BOdellag relatively 

smooth prototype surface conditions. 
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6*1 Pge—ure jteMureaents 



It was anticipated, and later confirmed by the wind tunnel tests, that correc- 
tions would have to be aptilied to the full-scale dynamic and static reference pres- 
sures due to the close proximity of the •nanoMtar and pressure probe to the test 
bolMlng. The pseee4nx« wm to dataniliMi a static pressuxe ooreaetioo coafflelant 

- PlO 

c ■ 

1/2 OVj^ 

in the tunnel and to then apply this correction as an offset to all full-«eale prea- 

■ure records. The dynamic pressure correction coefficient 

* 1/2 PV^ 

was e(f>lied in a siallHr nanner. Both corrections weu dir^dctiun-dependent and mines 
of and ranged tmm -0.10 to -0.21 and ttom 1.02 to 1.39, respectively. 



Ttie results of pressure me as ur omenta are sunnarized in Teibles II - V and are 
pared graphically i.ri i19uj.es d anid ^. The mean pressure coefficient, C^, and the 
fluetaating pressure coefficient, C £, corzaspond to the usual definitior.s and ara 
rafaranoad to the frea-straan dynsuc pirassura at Z > 10 a»taxs. The peak factor* g« 
is dafinad as tiie nuabar of standard daviationa ineltidad in idia wbtIhw psak 
tnca txam the niaan* i.e., 

IPbhw or atn -g| 
« " „ 



l^ie zero crossing rates liable v) are at v^^^viously defined. 

The amn frassuKa oeaf ficiaote« C^f plotted in Figure 8 indicate conaiderabla 
dlsagraeawnt betMsan nodal and fuil«sells Masursaants. Equipnent usad to naasura 

and record the field data war, .=;or-ewhat prone to zero drift with the extreme range of 
tsnperatures experienced at the test site (SO'F to -20°P) . The field test equipment 
has since been nusdified to provide transducer zero readings and racocder calibrations 
prior to each data run. Oorxactioas for tills drift could not be aocttrately detaxainsd 
and any resulting errors ara dirsotly rsflactad by Figure 8. With tJl* aaoaption of 
Run .Mo. 310, the addition cf a fixed value for a given full-SOSlO rtA WOUld laVKOVO 
the a^reesnent between the two sets ai coefficients. 

Oianges in aqulpoent aensitlvi^ dua to temperature wriationa were found to be 
ssiall andr theraftnra, greater eonfidenea can be put in tha aaasurasisnts of prassnra 

fluctuations. Fluctuating pressure coefficients, ^pf plotted in Figure 9 indicato 
a fairly good correlation between model and full-scale, the former averaging approx- 
imately one-half of the latter. This discrepancy is believed to be due primarily to 
tJia low turbulence intensities observed in the nodel studies* altbotigb scale affects 
cannot fae eoiqpletely ruled out. Aara is no obvious explanation ftar tlie good agree- 
ment between Run Nos. 207 and 21, and the poor agreement between Run Nos. 311 euid 22. 
It may be that the pressure fluctuations ara quite sensitive to wind direction and 
that directions were not properly matched in the model studies. It Is ej^eebad iliat 
a new series of tunnel tests in «diicb the turbulence charactaristiea are Bore aoea- 
rately simlated will bring the results into such better agreenent. 

Spectixal densities for tap positions ?3 and PIO (Run Nos. 311 and 22) are com- 
pared in Figures 10 and 11* respectively. The shapes of tile spectra compare quite 
favorably and suggest a slcpe of -4/3 over the higher ftequency range. As indicated 
previously, the wind data were noKHStlised on thm assunption tiiat tha scale ratio was 
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1:50. AX though the peaks ore not well defined, they suggsst a scale ratio in line 
with that obtained fcy ootparing the vsloeitgr ipeetra. 

Speotral deaaitiea for the foll-eeale preeeure fluctuations above *hm apectnl 

peak usually exceeded thoee obtained from the wind tiinnel nvjdel (see Figtire 11) . 
Xtiis is quite likely due to the fact that the analog filters used in the full-scale 
etudies had a cutoff tr aqv mUBS of 10 Hz, resulting in aliasing errors in the speotral 
aaaljfaia, Xhe wind tunnel preasure signals, on the other band, were subjected to pro- 
noonoad attemiatiea above 100 Ba «hidi would appear as a 2 Bs eutoH in the analysis. 
Thus the aliasing airora can be eipected to be considerebly SMller f6r the wind t«n^ 
nel data. 

Another Indication of similarity between model and full-scalo pressure fluctua- 
tions is the coherence function. The coherence function, or more properly (coher- 
ence)^/^, is the normalized modulus of the cross-spectrum and is a measure of the oor- 
selatlon between fluctuationa at two points over the freqiuenpy range Sot a given sap- 
aratton d&atanoe. Vhie function for P1-F6 and sun w». 310 and 23 is plotted in Pig- 
ure 12. 

The peak factors, which are listed in Table IV, are fairly consistent and suggest 
an average value of 4.6. It haa been shown, both thsoreticalJy and eaqperlm en tally 
(5, 6), that the peak factor ineraases with length of xecoxd and a value of g > 4.3 
has been suggested for calculating design loads on cladding elements for tho^e nitua- 
tions where resonant response is insignificant. The peak factors in Table IV <u:e 
based yjpon single reoosda of 750 secoada and (present a wrst-case excursion from 
the aaan, i.e. negative excursions for pressure taps 1-9 and positive excursions for 
taps 10-12. It ahoQld be pointed out that the peak faetoars will vary firoei reoeord to 
rec»rd for a given wind speed and dirsction and that Mvaral laoordd would be required 
to establish their atean and variance. 

Ploetuatiag pressure coefficients and peak factors detemlnad from the area-inte- 
gration of prmsure records are presented In Table VI. The procedure was to con- 
struct a new pressure time series by multiplying tht: samples of each record to be 
sunned by a weighting factor. The weighting factor was proportional to the area at- 
tributed to each press u re tap ehidi iaplies that all pressure fluctuations over that 
area are perfectly correlated. The resulting record was then analyzed in the usual 
mcinner. As expected, the fluctuating pressure coefficients show a decrease in in- 
creasing area, but there is no indication of a similar reduction in the peak factor. 
Although the transducer separations used in this study do not permit a detailed assess- 
■ent of the oerrelatien of peak preasuras acting over extended roof areas, sosm indi- 
cation of the axea reduction of peak pressures can be derived from Table VT. Compar- 
ing the product of the fluctuating pressure coefficient and peak factor £or transducer 
omitlllMlttonili 1, 2, 3 for Run No. 332 with the product of the averaged fluctuating 
preaBUEe coefficients and peak factors for tha individual transducers (Tables XXX and 
17), the oerrespwtding reduetlons In peak pressure fluctuations are approximately 27 
and 40 percent, respectively. A similar comparison for the combination 1, 2, 3, 6, 7, 
10, 12 {Run Mo. 310) indicates a reduction of 42 percent. In averaging the pressure 
records, it was assumed that the pressure fluctuationa under the eaves overhang were 
perfectly correlated and equal to the fluctuationa aeasttred by transducer Mo. 10. An 
inereaae of 42 percent was obtained from the ooabtnatlon 1, 2, 3, 10 for tan Mo. 310. 
It should be noted that the records for transducer Nos. 10 and 12 were inverted SO 
that positive fluctuations acted in the same sense as negative fluctuationa on the 
COOf. 



7*0 ooHPAMsaM wm rnxmsneo dbsioi loads 

* In addition to providing a dhecfc on wind tunnel teat results, the fuil-ecala data re- 
ported hazein allow aoaa direct cosparlsona with cnrreat reeoamanded design wind loads. 
Aswricatt aBtianal Stsndard niiilding Code Requirenanta for wininw Design Loada in Bnildinga 
and Other Structurea, ASS. 1-1972, states a procedure for calculating wind loada on roof a 
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and consiiders both tributary (parts ani portions) and total roof avaaa (7). iSie basic wiad 
a p aa da uaad in this docunant are tha faatMtpails spaads for a 50-yaar Man rttcarrcnca In- 
terval and flat, open country (Exposora C) at a hai^t of 30 faat abov* qranmi. 

Because they are defined diffezencly , the presavure coefficients measured in f\ill-scale 
and tJMM apaeifiad in the A58.1 Standard cannot ba ce^parad dttxactly. Kowever, tlia pxaa- 
sura can ba oaqparad for a given wind speed and category of eiqposura. Assuming flat, open 
oovntcy and a basie wind sp*sd o£ 90 nph, tba oorraaponding affective velocity presaurea 
for baigbta lasa than thirty feet are as followst 

' 30 paf (JkSa.l - Vabia S - Ordinary Bolldinga and Stmeturas) 

■ 31 psf (A58.1 - Table 6 - Parts and Portions) 

For buildings with a ratio of wall height to least width of less than 2.4, the A58.1 
Standard specif iea a general exberaal pressure coefficient of -0.7 for roofs, for gSbled 

roofs with the wind direction perpendicular to the ridge and the height-width ratio and 
roof sloii? being considered here, a pressure coefficient of -1.0 is specified for the wind- 
ward sloj-ie. TliO standard dlso allows for local peak pressures which arc eissuned to act at 
nin^-degree comers and on strips running along the ridge and eaves. The width of theae 
strips is taken as ten percent of the least width of tlia building nooMl to the ridge. 
The specified pressure ceeffieiants sxe "2*4 tor ridges sad eaves and -3.9 for ninety^-daggaa 
comers. 

Mo specific provision is aads for pressures on the underside of eaves, but this can be 
taken as the preasure acting on the windward vail for idiich a ooaffleient of 0.8 is speci- 
fied. Internal pressures are based on the fastest-mile speed at thirty feet above ground 
for the appropriate terrain category and an internal pressure coefficient, ^j^> which is 
related to the distribution of wall openings and the zntio of open to solid tall area. The 
design pressures for the assunad wind speed and eivMure are as follows; 



(a) 


Lsewar-l Slope, ffotal Area 


• 


(-0.7) (20> 




- 14 


P«« 


<b) 


MindMaxd Slope, Total ftraa 


m 


(-1.0) (20) 


m 


- 20 


P«f 


(e) 


teeward Slope, Tributary Area 


m 


(-0.7) (31) 




- 21.7 


psf 


(d) 


Windward slope. Tributary Area 


m 


(-1.0) (31) 




- 31 


psf 


(e) 


Ridges and Eaves 




(-2.4) (31) 




- 74 


p«f 


(f) 


Ninety-Degree Comers 


m 


(-3.9) (31) 




-121 




Cg) 


Undsrslds of Saves 


m 


( 0.8) (31) 




25 


psf 


(h) 


Internal Pressure 


» 


{ 0.3) {21> 




6.3 


psf 



at. 2 * 10 meters, the corresponding meeui speed averacj^d ovei. 750 seconds (tiie record length 
used in this study) is approsiaately 75 nph (see Ref . 8) . For standard a taw spheric condi- 
tions, the effective velod^ prsssttse is 14 psf. using the full-scale pressure coefficients 
listed in Tables ii, iii, and TV, the nean and peak pressures were esleulated for ten teens- 

ducer locations ar.d four wind directions. The results are presented in Figure 13 SlMig With 
the design pressures specified by the A58.1 standard (Case f excepted.) 

Zt is seen froa Figure 13 that the negative design pressures for tha total leeward and 
windward roof areas (Lines a and b) eneead the observed wan pressures for all tranbduear 

locations. Hov.-evcr, the observed peaJc pressures dominate and exceed the design pressujpes 
for tributary areas (Lines c and d) at several locations. This may or may not be signifi- 
cant, depending on the degr ee to which pressure fluctuations are correlated over the roof 
area. The design pressures for ridgee and eaves (Line e) substantially exceed the observed 
peak pressures and the design pressure foe ninety-degree corners is approKiaately 2.5 tines 
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the naximi dbservad negative prassur*. Iha positive design pressure for the underside of 

the eaves (Lino g) is exceeded by the observed peak pressure for two wind diroo-tions and 
the internal design pressure (I<ine h) is less than the measured peak internal pressure for 
all four wind directions. 

As discussed previously, the fluctuating pressure coefficients determined from the 
area-integration of pressure records decrease with increasing area while the peak factors 
remain about the same. Although reductions from twenty to fcxty percent in the peak prev 
•urea lp9i& dqiartuvaa froa the aaan) axe Indicated toe roof areas ot to flfly square 

feet, the data presented in Fig\ire 13 saggeat tbat tlie pxoviaiooa Of the ASS.l Standard 

for tributary roof areas are raarginai. 

The provisions for xidgm and eaves and for ninety-degree ooxnerat on the other hand^ 
appear to be overly conservative. The aaKiwii negative pzesBure, baaed on tiae neaaured 

coefficients, was -50 psf for transducer No. 1 at 256" while the design pressures are -74 
ps£ for ridges And eaves and -121 psf for ninety-degree comers. It is recognized that 
extreme negative pressures are associated with vortices generated along the edges of the 
roof and that these vortleos are entreaaly aeoaitlve to wind directian and roof geoaMtxy. 
However, the wind tunnel stndies described previously did not reveal any eritieal wind di- 
rections not covered by thv full-scale data. If the effective velocity pressure of 20 psf 
(q^) is used in place of 31 psf (q.) » the resulting design pressures are -48 psf for ridges- 

■al eaves and -78 psf foar niasQH»grM ooKasra. 

As with the negative pressures acting over the roof area, the peak pressures under tin 

eaves (Transducer No. 10) and in the garage area (Transducer No. 12) far exceed the corre- 
sponding mean pressures averaged over the record length of 750 seconds. Again referring 
to nble vz and rigore 13, the average earfimsi pressure (peak plus nsan) setlng upward on 

the eavea is 3 - 3 ■•■ 35 35 psf for Run No. 310 and coobination 1, 2, 3, 10. The corre- 
sponding design uplift pressure is 74 -f 25 - 99 psf. For coobination 1, 2, 3, 6, 7, 10, 
the average maximun pressure acting over a roof area of 258 square feet is 3 + 13 = 16 psf 
as cooipared with 2117 * 6.3 - 27 pef (tributary area plus internal pressure) as specified 
by tiie ASa.l Standard. 

The maximum internal pressure (based on measured coefficients) in the garage area was 
approximately five times the corresponding design pressure. The ratio of effective open 
area to solid area is difficult to detemine since all doors and windows were closed during 
tiie recording intervels reported herein. One door and one window of approadaately nineteen 
and fifteen square feet, respectively, are located on the southeast wall, one window of 
fifteen square feet on the southwest, wail, and an overhead <jacA<j& door o£ 55 square £eet 
ie situated on the northwest wall. Because of the extremely cold winters in Montana, great 
care ia usually taken to provide doore and windows with adequate seale or weathers tripping. 
It is probable, tlierefore, tha^ infiltrntion rates ftar tbls garage area would compare with 
those tox liwlng quartan in regions havlag s nild elSaate. 



8.0 A PUDCBOORB POR TOt CRICOLMnCOH OF OBSXGII PflBSSOWS 

The 1970 edition of the National Building Code of Canada (NBC) (9) provides for risk 
of occurrence, terrain roughness, height above ground and building geometry in calculating 
design wind prassucee 

P = 

In this ejqtression, q is a reference mean velocity pressure for a given nea.n recurrence 
intMnml, is an wqw e nre factor whidi varies with surface xonqfhaaaa and height above 
gronid, CL is a gust effect factor to provide for the aynamic r es p o ns e diaractaristics of 

th« structure and surface pressure fluctuations caused by turbulence and localised flow 

phenomena, and C is the conventional mean pressure coeffiiiLiii determined from wind tunnel 
tests. For the §asign of cladding, it is assumed that dynamic response can be neglected 
and a factor of 2.5 is used Cor C^, 
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Ihe torn of B^ution (1) Is putleiilurly oonvmlent in tb«t it alloir* a oo^lax pn^ 
to btt troatod as a OCNribination of independent elements and provides for the separate 
troatMOt o£ aaan and f Inctiiati ng components of pressure. The pealc design pressure at any 
point on a zoof azaa can ba ajqprasMd as 

Or in tazna of diiaonsionless pressure coefficients based upon a suitable reference pressure, 

•ttdi as tba fvee-atnaB dymooic praMuva at z • 10 aataKa, . 

p 



Mhila aquation (2) is a practical naana of evraaains q_, full-acale and wind tunnel 
sureoMitfl frigurcs 14 and 15) BUi99«Bt an «a^rlc«l ralMlonahip b««MMn C.^ and c . If tho 
anvaloipa of full-scale C^^ values is siqizsasod as r P 

C^g - 0.3(1 + |<^|> 

and it Is aasnnd that g • 5.0, Bga^tion (2) 



(1 + I c I ) 

As indicated earlier, the pea^ factor g does not appear tj change with surface area. There- 
fore, it may be possible to determine a gust factor, C^, for extended roof areas sinply by 
reducing by aeans of a faeteocr Mp, Bougbly aoalogoos to tlia siaa radnetlon factor usad 
in oaloolaung dynaaie rospansa. Tha gust affaet factor wonld than bo daflaad by 



a ^ \cJ) ^ 

C* - 1 + 1.5 (4) 

P 

C* is tha oorrespooding aean prassura ooefficiont for tha axtandad roof area. 
P 

9*0 OOMCUDSIONS 

The use of spires at the entrance of a wind-tunnel working section substantially in- 
creases the growth rate of rough wall boundary layers, thereby placing the study of build- 
ing aorodynaaics within the capabili^ of aaiqr oonvontional tunnals. However, the use of 
aplzos and soalod i^vlnd rou^inass alananta doaa not aloaa ansaoM til* aatablitfhnent of 

flows with proper turbulence characteristics. A nininuiii degree of surface roughness is 
required to establish suitable scales and intensities of turbulence. With some modifica- 
tion of the roughness elements, it is believed that close simulation of the lOMMt 100 fOat 
of the atmospheric boundary layer can be achieved at a scale ratio of 1:50. 

The agreement between model and full-scale spectra far both velocity and pressure 
fluctuations is encouraging. Measurements of coherence suggest that the spatial extent of 
•iirfaca pcassora fluctoatlons can be asdeled to an aeoaptable degree. 



It is baliavad that tha oonsistantly low values of C . datandnad from the nadal re- 
sult primarily from improper simulation of the turbulence. However, scale effects cannot 
be ruled out at tiiis to-cit;, ieak factors were found to ayxee quite closely with previous 
measurements, the overall average for model end full-scale results being 4.6. Based on 
tha preliminary results roportsd herein, it sppears that a gust effect factor can be ex- 
pxesssd in terms of a peak factor, maan pressure coefficients and a else zeduetion factor* 



Wind pressures based on measured coefficients ana assumed wind speed suggest that 
certain psovislons of tlia oiirrent ASB,1 standard dassrve addltioBal stu^y. For tba building 
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iavMtigfttaa, dstign pt«8«ai«ft for tributuy anu ind intsriors «KMar to b« auegliMl 
iihil* tbOM for localiied arau soeh as rldsaa, and ooKnara appaax to hm ainaaal^. 
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The following syitels are tued in this pap«rt 

C^jp = Dynamic pre&sure correction coefficient 

■ Eiq^saxe factor 

' Gust effect factor 
Gp ■ Mean pxeaaiira eeef fieluit 

- Pas pzeasure eoefficiant 

■ Static pressure correction coefficient 
I « Zntenalty of turtMilenoe, in percent 

Vjjf^ « Mean velocity at standard tanraeter height, in feet per aeoeod 
U,^ > Refemnoe nean veloeity «t 21.5 feet 
Z ■ Height above ground, in feet 

■ Gradient height 

■ Sorfaoe xooghoess belglit* in Inches 
g ■ Peak factor 

p - Mean pressure, in ponnda psr square foot 

p ■ Rms pressure 
rrns 

Pjj ■ Reference dyn<unic pressure at 21.5 feet 

p^Q ■ XsfersBos dynamic pireBBiire at ten Mtexs 
q " Baferenoe dyaanie pcessurs for open country 

- Slse reduction factor 

B " Hind direction measured clockwise from north, in degrees 
p ~ iUtss density o£ air, in slugs per cubic foot 
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Fig. 6 Mean Velocity Profiles - Log Law Representatiok 
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MONUMEMl CKLCOUmCMB OF GROUND RESPQMBB IN EAKTHQUAKBS 



IV 



willlMi B. JoyiMr 
A3b«Et T.F. Chen 

•ad 

Fatrldt c. Dolwrty 



U.S. Geological Survey 
345 Niddlefi«ld Road 
Nmlo Pack, CaUfoznia 94025 



The response of soil to strong earthquake motion involves a high degree o£ 
nonlinearity. Because of the difficulties in solving the nonlinear problem, 
most calculations of ground response are currently made by a method — variously 
charactaslaad as "aqulvalant liMtje't "quasl-llnaar" » or ''•traln-ocii|patibla"«« 
that aasmu the tvtw solution can ba approxiaated by tin rasponse of a linear 

model whose properties are chosen to accord with the average strain that occurs 
in the mcxieX during excitation. The average strain level is determined by iter- 
ative calculation. To solve the nonlinear problem directly, we have developed 
algoxltiiaa liy idilch tho l^stazatic bahavior of an individual aoil alaaant can 
be aff ieiantly aodolad la a ooaputar. the algorltbaa anabla us to aodal aay roa> 
sonablc- set of hysteresis loops of the Masing type that laboratory e]q>eriments 
may dictate. We are experimenting with various numerical techniques for integrat- 
ing the basic nonlinear diffarential aqoations. Including the method of diarac» 
tariaties as dsscrlhad by Stvoataz* ltrli»» and MLchart. A coaparisoii una oada 
batman the aqaivalant llnaax and the nonlinaar solution (using the aeUiod of 
characteristics) for a 200-meter section cf firm alluvium excited at its base by 
the N21E component of the Ta£t acoelerogras multiplied by four. Tills excitation 
produced peak strains of Ba««»l tenths of a p«reaia(1s. Vbm noaUaaar solution 

^OHod substantially higher apaetnl lavals of raoponsa at five pazoeat dashing 
for perioda between 0.1 and 0.6 aeoooda. 



Xsy Words: Elastic nadiunt engineering aaian»logy; ground layari wa r leal solutiont 
ahaar wava. 
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INTBOnOCStOIII 



The problm w» undcrtide* to *olv» in tltis papar is busleally m vmry sinpla om. Ita 

poctulatf- :i '^•/stetri of horizontal soil layers bounded above by the free BUrface and below 
by a 3c.T.i-i.nlini.t.ti elastic medium representing the bedrock. We further postulate a verti- 
cally incident shear wave in the underlying medium, and we ask the question, "How will th« 
overlying l«y«ra respond «o4 in particular, wbat will bm tiis notion of a point on the free 
■nrface?" 

This is a classical problera in engineering seismology. There is some disagreement 
concerning the range of applicability of tlM solution, hvt no eon would deiqr the l^portaooe 
of solving this ralatively simple pcoblea correctly. 

Tho problem was solved for tlie case of linear visco-elastic layers by Kanai (1952) 
soiDEi years ago. When w are dealing with Input notion sufficiently intense to cause severe 
djuaage to stTttotures, h o w ew er, we eanaot aasose simple linear behavior. 9o do so would 
infpiy stresses psay tiMS grMter than tte stzmgth of typical aaterials a* mnawA in 
the laboratory. 

TO circumvent this difficulty, the method in connon use currently is trtiat %re shall 
refer to as the "equivalent linear aetliod" (Idrlss and Seed, 1968» Sdinabel, .Seed, and 
tysmer, 1972) . It is based on the asstaption tliat tlie response can be epproadmated by the 
response of a linear model whoee properties are dhoaen in aeooxd with the average strain 
u-iat occurs in th.e model daring esoitation. Tlia average strain level is datsxninad by 
iterative calculation. 

On an intuitive basis the equivalent linear assumption is reasonable with re^MCt to 
the frequencies that are dominant in the strain history. It is less clear that the assump- 
tion in adequate wit)i respect to higher frequencies, which may be l^pOKtant tO the safety 
of small or rigid structures (Oobry, Mhitman, and Soesset, 1971) • 

We undertook to obtain a solution without making any assunptloBB that bypass tfM aidac 
lyuig nonlinear character o£ the physical processea involved. 



The basic reciuirenent for a solution to the problem la a constitutive relation — in 
sinple terms we need a rule that will tall each soil element how to find its way around 
the stress-strain plane. For this purpose we have adapted a model (Figure 1) that was 
originally proposed by Zwen (1967). It is oosposed of slaple linear aprlngs and Oeuloab 

friction elements arranged as shown. The friction p^°ner.'-■', remain locked until the streas 
on them exceeds Uie yield stress Sj. Then, they yielQ, and the stress across them during 
yielding is equal to the yield stress. Generally, the yield stress of the first element 
S. is set to aero. By chooeing the spring oonstaats ivpmpi^ataly, we can model a very 
bfoad range of Material behavior as dictated by laboratory ejverlaents. lbs felthftUnees 
of the modeling depends upon the nuaber N of elements used. We have found it possible to 
use large nun^bcrs economically. For our typical problem N is S0| we have gone as high as 
100 without unreasonable increases in computing time. Ibere Is OfM aodel of tiie kind dla- 
graaned in Figure 1 for eedi soil l^jfsr in the systen. 

The type of hysteresis loops that such a x-^el produces is shown in Figure 2, which 
illustrates tlje behavior of a single soil layer subject to cyclic loading of increasing 
amplitude. The loops of Figure 2 are plotted in terms of reduced stress and reduced 
strain — scaled in su^ a way that the nairiwuii stMss on the sai^le is one unit and the low 
strain nodolus has a value of aam, Ihe qpring ooaatants of 41m BBdel ifere dioeen to give 
the behavior as a function Of Strain indicated hy ejveriasntal work of Hardin and 
Drnevich (1972a, 1972b). 

To satis^ the boundary co n ditio n s at the base of the system of soil l^ers, we use 
a Method daacxlbed by Pupastawatlow (1974) . ihat nattod aUcwa ns to satisfy the boivdaiy 



HBTHOO 



III-2 




oonditions exactly for a vertically incident wave in the underlying elastic medium, given 
the density and shear velocity of the elastic aediuai. The ajpproach is similar to that 
described by l^r^uez and Kiihleneyer (1969). 

Given a constitutive relation and a boundary condition at the base of the system, «e 

need only integrate the equations of motion step by step in time and space to obtain the 
notions at the surface. We have exyerintented with a. nuAber of methods of integration (Ch«n 
•Dd Joynar, 1974). This expcrimantation is continuing and wo are not yet prepared to dis- 
cuss tlie relative nerit of different aethods, but we are satisfied that the method of 
eharacterlsticst as described 1^ Streeter, Wylie, and Rldiart (1973), gives accurate re- 
suits and the exasiple that follcwu was done with that method. 



To demonstrate the method we chose the soil profile illustrated in Figure 3, represent- 
ing a 200-«ieter section o£ firm alluviui. He evaluated the depth variation of naximua 
stress ths low-strain Bodulua using the nathods of Hardin and Omevieh (1972a, 1972b}, with 

minor modifications. We assumed a density of 2.05 gm/cm-' and converted shear modulus to 
shear velocity, which is plotted in Figure 3. A past consolidation vertical stress of 2.94 
bars was assumed. As a result, the mAtorral was overconsolidated above a depth of 29 meterSr 
causing kinks at that depth in the two curves on Figure 3. The underlying nedioD was as- 
•WMd to have a shear velocity of 2.0 ksi/sec and a density of 2.6 gn/cn^. 

For ijsput we chose the N21E component of the Taft acceletograin, recorded during the 
1952 Kern County, California, earthquake. We multiplied the anplitude by a factor of four 
so that the input notion, if incident on a free surface, would have a peak acceleration of 
0.7 9 and a peak velocity of 67 cn/sec. Figure 4 shows the input acceleration tine his- 
tory aiiLi conirares the surface acceleration computed by the nonlinear method and the equiva- 
lent linear method, "niere are definite points of similarity, but it is clear that the 
equivalent linear apprtnciniation docs not adec|aately represent the short-period costponents 
of aotion present in the nonlinear solution. 

Comparing t:ie n-.n 1 1 u lution with the input shows the effect of the postulated 
soil profile on ground motion. The peak acceleration is sharply reduced. Itte longer 
period coapooenta axe aoplified, however, and the overall affect nay bs a noro danaging 
notion as will be illustrated subsequently. 

Figure 5 shows the corresponding velocity time histories for the sane ezanple. Com- 
paring the nonlinear and equivalent linear solutions, we see onach better agreeaient, indi- 
cating that the equivalent linear approxlaation is adequste with respect to the longer 

periol components that are dominant in the velocity time history. Comparing the nonlinear 
solution with the input shows clearly the amplifying effects of the soil profile for long- 
period notions. 

To illustrate the consequences of these results for structures we have conputed re- 
sponse spectra. Figvire 6 shows the acceleration response at five percent damping f :r ''le 
three motions between zero and 1.2 seconds period. The line represents the Input, hexagons 
the nCMUlineaS solution, and crosses the equivalent linear solution. It is clear that the 
equivalent linear nathod significantly underestisiates the intensity of notion for periods 
between 0.1 and 0.6 saeoDds. This p«riod range eoKve^ends to strueturee ba »w >e n om and 
about six stories. The iaportanoe is obvious. 

Cooparing the input response with the nonlinear response in Figure 6, one might be 
teaapted to conclude that for short-period structures, the notions on alluvlua would be 
less damaging than on bedrock. Considerable caution Is indicated here. For one thing, 
different soil materials, dense sands, for example, might given more intense motions. Pos- 
ible lengthening of structural periods due to deformation beyond the linear range reeds to 
be oonsidsrad as well as the effects of duration not accounted for in the rMponee spectxutt. 
Consideration should also be given to the effects of ground deformation and ground failure. 
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rlgiam 7 oaapacw tha nlatlv* wlocity response spectra at five percent daaping te 
ttw r«ii9« froB stro to six Mooada period. The xaeults taunt that tha ecpiivalaot linear 
•fffitrntLmtian ia adaqnta £or «Jia longer parioda and that tlia aoil aita givaa lax«a «a»li' 
fieatioa ftar longet parloda. 

During the running of the nonlinear solution, we HOOltored the peak straitt foe aaoh 
depth intarval. tbm aiiiriiim %na 6 m. 10~^ foe the iataKvaX txam 32 to 35 ■etazs. 

The comparative costs of the two methods is difficult to evaluate in the general caaa 
because it is possible to run the equivalent linear method iising fewer layers, depending 
on tha datail one wlahas to Mpnsant in the soil parofila. for Oia axaapla preantad hacia, 
taomvaCf using the aana nwbar of liqrers for both methods, tha nonlioaar solution raiiuixad 
laaa than half as auA ooaputar tiaa as the equivalent linear. So, we baliave that, in 
ganaral, it will ba oaa^atltiv*, »t l«aat* 



1. Chen, A.T.K., and w.B. joyner, 1974, Multi-iiaaar AMlysia fbT Qrowd Motiott stvdiaa 
of layered Systems. Manuscript in process. 

2. Dobry, Ricardo, R.B. Whitman, and J.M. Roesset, 1971, Soil Properties and the One- 
Dimensional Theory of Earthquake Aap 1 i f ication ; School of Engiixeering, Nassachusatts 
Institute of Technology, GMiteidga, MaaMdnisott*, iia»«axcb iM^evt II71-IB, soils Pt*- 
licatioD No. 275. 

3. Hardin, " , nr.^ V r Drrevi-h,, l"72a, Shear Modulus and Damping in Soils: Measure- 
ment and taranecer Effects: eroc. An. Soc. Civil Eng., Journ. Soil ttech. and Found. 
Div.. 96, 603-624. 

4. Rardin, B.o. , and V.P. Drnaviob, 1972b, Shaar ModttlnB and nasptng in Soils* Daslgn 
Equations and Cnrvaat Proc, Jlai* 8oe» Owil Bng«, Joum. Soil llBch* and Pound. Diy.. 

98, 667-692. 

5. Idriss, I.M. , and H.B. Seed, 196B, Seismic Response of Hori s o nt al Soil I,ayers« ^OC. 
tm. Soc. Civil Eng. , Joum. Soil Mech. and Found. Div. , 94 , 1103-1031. 

6. Iwan, W.D. , 1967, on a Class of Models for the Yielding Behavior of Ctootinuous and 
Go^aita Syataaai Jour, of Hwliad lli^wio, 34. 612-«17. 

7. Kaaal, K., 19S3, MUtion BatNoan tha Katora of Snrfaoa UfSK and tlia HapUtndaa of 
Barthvidc* Motions i Bull. Barthg. Maa. inat,, TOtaro oniv., 30. 31-37. 

S. Lysroer, John, and R.L. Kuhlemeyer, 1969, Finite Dynamic Model for Infinite Nadlst 
. Proc. Am. Soc. Civil Eng., Journ. of the Bag. Mechanics Div., 95, 859-877. 

9. Papastamatiou, D.J., 1974, A Method for the Bvalvwtlon of Strong Ground Motion. 

mitted for publication in Geotechnigue . 

10. Schnabal, P., H« Bolton seed, and J. Lysmer, 1972, Modification of Seismograph Becards 
for Bffaeta of I«eal Soil Ooodltionst aull. Seism. c . ^m. , 62, 1649-1664. 

11. streeter, V.L., E.B. wyiie, and F.E. Richart, 1973, Soil Motion Computations by Oiar- 
acterics Method, Meeting Preprint, 1952, Am. SOO. Civil Bag., iiT«Llgiit«l Structural Bng. 
Meeting, Jipril 9-13, San Franciaco, California. 



Xll-4 



Uigmzed by Google 



LIST OP FIGUfiES 

la Model U30r3 for constitutive rcliitionship. Model consists of simple elastic spgimgt 
with spring constants Kj and Coulona friction elements with yield stress Sj. 

2. Bystsrasis loops for tfaa nodal sboim in Figur* 1. Stress and strain ar« scaled so 
tiwt thm w iriiBw stress and the low^strain modulus axe oni'^. 

3. Dynamic properties for soil profile used in sample problem. 

4. Jkcoeleration tiae histories for saaple pnibleB. 

5. Vislooitar tlas hletories Cor 99K^im problem. 

6. taaeleratioB respeosa at five percent damping for sastple problait. Hie line represents 
the input, heaagons tiie nonlinear solution, and crosses Hm equivalent linear solution. 

7» Relative velocity resjrionse at five percent daxping for sanple probletn. The line repre- 
sents the input, hexagons the nonlinear solution, and crosses the equivalent linear 
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In tiie field of poart and haoctor englBeering. tiie ^nmiid respcaise doe to 

earthquakes Is generally considered. However, there are many problems at pre- 
sent in idealization of the surface layer, input ground motions, and nonlinear 
behavior of the soil. In order to provide sane design data in these areas, 
xesaart^ baa been conducted using aix downbole sel—eter axrsys established 
in port anas Id Jiipan. Typical observed aeoeleration tiae histories have been 
obtained and are shown and cocipared with those calculated by the multiple re- 
flection theory, in order to Investigate ground response relative to structures 
Of large length, such as a tunnel, a two-dinensional nrl rmnawtor array has beM 
established. Bcfpies of the oonsiderations of the gzound XMgponae xeq^ixed 
in pnokie* ere aosn in ■ieveaanation in the earthqiiialce pEoof deeigB of a 
aqneottS tomiol. 

a^r ibcdBt Barthqaakoi field datai ^xoond raqpeiwai seiaeic wavos} sei—ateri 
•oU-stmetnra iatasaetion. 
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In recent earthquake engineering practice, a concept has beon introduced which con- 
sidazs the earthqu^e response of the ground} here the ground aeans surface layers over- 
lay Ing the base xoek. The aaplification of qeooDA notiona thxoaqh the ear face layer* was 
first observed and the theoretical analysis, so-called the multiple reflection theor/, de- 
veloped by Dr. Kanai (1) . However, the introduction of thi !5 concept into design practice 
has taken several years. In the field of port and harbor engineering, the first step re- 
lated to the aqplifiqation problem was to revise the procedure in detenolning the design 
seismic coefficient. The old design selssdc ooefficient was a ftmotion of only local seis- 
micity. 'r, r^ew procedure the de 1 r:«jisnic coefficient is a function of subsoil con- 

dition u-.ii-x iay iiig the structure, as wii i^ as local seismicity and iinportanco of the struc- 
ture (2). Even m this revision, the subsoil condition was taken as only one of the fac- 
tors, and only because of past e^eriences obtained during destructive earthquake events. 
It was noted that during these earthquakes, daaage to the stxttetures did depend on the 
sijbscii conditions, however, a clear understanding of the anpllficatlon of the ground 

motions was not considered. 

The soil structure interaction analysis, which has beoonne one of the main topics in 
earthquake engineering research during the last decade* has provided Insight to researcher* 

and practicing engineers relative to the significance of ground motion response. Progress 
through the application of computer techniques has assisted in the introduction and the 
oonaideration of the earthquake response of surface layers to be us- d in practice. The 
international conference on Microsonation, held in Seattle in 1972, clearly showed that 
oany researchers and engineers intend to consider the earthquake response of surface layers 
in design practice. In the previous joint xeetings of the U.?;. -Japan Pemel on Wind and 
Seismic Effects, UJNR, Dr. Joyner and Dr. Borcbcherdt have presented reports on this tc^ic 
(3) and (4). 

in the present paper the authors will report on the practical problesn involved in 

earthquake response calculations of the ground, observation of the ground response in port 
areas in Japan, analysis of observed records, and design exai^les in t^ch the ground re- 
sponse in eartbquafcee is taken Into eonelde ration. 



Prooi the viewpoint of the seismology, the ground response in earthquakes can be ex- 
plained as follows; the seismic waves which enter the surface layer, travel from the 
epicenter to the base rock site in consideration and propagate upward into the surface 
layer, and during the propagation, the amplification and phase shift of the motion occurs* 
In principle, the process is quite clear, however, in practice, there are some problems, 
ibe first problem that confronts the engineers is the detendnatiom of the base rock. In 
many sites the rock formation is so deep that it is not poeaible to Idealise the surface 
layer overlaying the base rode into a nodal to calculate the earthquake response. 

The second problem involves the input base rock notionsj in other words, the earth- 
quake motions in tt» base rock. There are not msny reoorded reeorda available of the base 
rode notion that can be used by engineers. 

The third problem is the idealization of the surface layer. At present three well 
known major idealizations are usedj they axe 1) multiple reflection model, 2) finite ele- 
ment model, and 3) luoped mass model. There is, hawever, little information on the igppli- 
eation of these idaalisationa for use fey enginsars. Also» all of the idaalisatioaa are 
faced with tiie problem of how to incorporate the non-linear behavior of the soil. 

The solution to these problems have not been found. However, to apply the techniques, 
the engineer is forced to make reasonable assumptions within the present state of the art. 

The following will present some of the answers relative to the problems concerning the 
earthquedte proof design of port structures. When the base rock exists at considerable 
depth, and it is not practical to ideal the whole layer into a siodel to calculate the 
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earthquake response, a layer extending widely beneath the structure is considered as an aa- 
suned base rock instead of the real rock formation. The assumed base rock, however, must 
satisfy the following requirements: the shear wave velocity of the assuned base rock is 
significantly larger than that of a l«yer inaadiatsly ovvrlaying iti the •taadaxd penatra- 
tion V9lvm of practical !>«■• rode la aqual to or qraatar ttmn fiftjr. 

The idealisation o£ the surface layer depends on several conditions to calculate the 
aarttoqxiake response. The multiple reflection model is frequently used to estimata tha 
ffronnd aivU-ficatioo aoA to caiculata tha baaa xocfc BOtionSf aa obtaiaad Cnm tba vaooKda 
at tha qmund aur&oa. in aoil atruetuza intaraotion pz^lans, tJw fiaita alanant nodal 
and the lumt'cd mass model are applied more conveniently than the multiple reflection nvodel. 
Mon-linear behavior of soil is a very difficult problem to solve, therefore, the evaluation 
oC tba ground raqponse in earthquakes, in connection with port structures, are treated 
aaanaiiig tbmt tiia aoil bahavaa liaaarly. Hetfavar* it will ba notad that in tha calculatioB 
of tt» tataral raaiatanoa of pilaa, tha noa-Unaar b^avlor of soil haa baan takan into 
consideration (5) . Also a quasi-non-linear approach is introduced into the anpli f ication 
calculation, that is, the soil is considarad as a linear material but the shear modulus is 
asaaMd as aodlflad, dapanding on tita oalculatad siaxtsBM strain of tha lagrar. this vi^oach 
aaaantially xaqviras rapatitiira ealeulatians. 

The solution to the basic problem described herein depends largely on the findings 
fxoa the analysis of strong-motion accalaxograas and base rock accelerations, as calculated 
fkOB tiM aooalasograaa flbtalnad f ro« tba nultlpla raf laction thaocy W • 

OBSBRinLTXOH CT GflOmD RBSPONSB IH XMerHQDHKBS 

Six downhola aalnawatar arrays hava baan astabliahad by tha Port and Harbor Maaareh 

Institute. The first array is located in the test field of the research institute in 
Tokosuka (7)i the other four arrays are located in Tokyo, Funabashi, Nagoya, and Osaka 
Porta to pcovlds information for coastal struotnxa design, and the last array is in Kawa- 
aakt Port, to pcovida data for tha aarthquake proof daaign of a aiibaqtnaous tunnal. Thia 
totuMl will ba ooRstructad sliailarly to the procadura that was oaad for ttia BM9 tminal 
cro??.iriq at San Francisco Bay. The arrays in the Tokyo Port and in tha taat flald in 
Yokosuka have the lowest seismometers on rock formationa. 

Tha apaeifieation foe the aaiwwstara of tha arraya, axoapt thoaa in Yokoauka» arc 
as faUoaat 

Type Moving Coil Type 

Ooaponant Vao/Shxaa Oonpanaata 

Vatnral Vxaqaaney of tranadueax 5 tta 
Natural Fraqaanejr of calvaMsiatar 110 Ha 

Overall sensitivity About 1 o»/gal in max. 

Tba aignal oorraaponding to acceleration ia raoordad on an alactro-nagnatic oscillograph, 
j h nagnatic tapa data racoc^r mmr be anr* avhia^eated than tha alaetro-nagnatic oaelUo- 

I graph, however, the tRechaniam of the data recorder is very delicate and the oscillograph 
I that was chosen has a higher relxability in recording operation. A disadvantage of the 
I oscillograph is the time required to digitize the oscillograms. To overcome this disad- 

vantaga* an oscillograa digitisar haa baan directly oonnactad to a small acale hydrid com- 
I putar* ahidl has baan latrodnosd into «ha authora* labeaatecy. Wllft tha digitisar, a 
I traea of about aavaaty oantiaMtara in laagth ia digltisad witiiin a fair ninntaa. 
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RBCORDS AND JUnLYBIS 



As an «iaiii^a of tb» data that has baan obtainad, tha tacoxds fran tlw aaiaaaMtar 

array in Kawasaki Port and the rer.ultr. of prol irrinary anal'/Q'ic will hr- described herein. 
As mentioned previously, the array ha$ been established to obtain data for use In the 
•arthquaka pcooC design of tha 1380 aatar long Kawasaki Port sufaaqnaana tunnal. 

Ihm array eonslsts of tour dowhhola saisiteaMtars, located at depths of 1, IS, 40, and 

63 meters below the ground surface. Tfic lowest seisasornetcr rests in a sand layer, which 
has a standard penetration value exceeding fifty. This layer is considered as the assumed 
basa vodc la tiba aarthqaaka zesponae calculation. The subaqueous tunnel to be eonstrttctad 
will exist entirely aibov* this layer, the boring log and tha shear wave vaieeity are 

shown in Figure 1. 

During the last year, eight earthquakes were recorded. Three of the records show 
relatively large aiplitudas of the wtioal diatribotioo of waitlii accalerationa, as 
shown in Figure 2. It was dba arw s d tiiat tha aHKlmai aocelaratlons daeraaae with inecaaso 

in the depth. 

In Figure 3, reproductions of the acceleration tine histories of the £H component re- 
corded on hpril 6, 1973 are shown. The acceleration time histories at the beondariea be- 
tween soil layers were calculated fron the ground surface acceleration tine history based 
on the multiple reflection theory. These results are show in Figure 4, together with the 
reoKdiad ttna histoEy at 63 vatars balcw tha ground surface. 

The results ttom i±» Cfaaarvatien and tha analysia, auCh as a frequency transfar func- 
tion of the site, axe reflactad in tha raaiponsa calculation and tha 4jrnaBle aodel test of 

the tunnel. 



TNO DUBNOIOmXr SBTSMOHBTBK MMY 

The seisiacaneter arrays described previously are all vertically uiii-directiosiai. For 
many t:yx>e> of BtructureB, Buch aa a tunnel and a pipeline, relative gmund movement alcnig 

the structure is very Inportant for their earthquake proof design. The Fort and Harbor 
Researdi mstitote has, therefore, estd»llshed a two-dlSKnsional saianoaieter array, ihie 

array is located at Tokyo International Airport along a straight line of 2500 meters, para- 
llel with the C airport rxinway. Sev«n tieismoBieters, each of which contains two horizontal 
transducers, were installed at an equal spacing of 500 meters along the 2500 meters* At 
one end of the line and at 500 neters inside from the other end the downhole sei sm oe w ters 
were installed at about 50 and 67 meters below the ground surface. Therefore, the seis- 
monfeter system can record a two-dimensional ground rcsponEo in the rartical plana. The 
arrangenent of the seisnometers is illustrated in Figure 5. 

Setting of tha aaisBOMters was conpleted In ittveh of tiila yeax 1974. 



EXAMPLES OF GROUND RESPONSE CONSIOBBATIQN IH PRACTICE 

Practical examples, in which the ground response to earthquakes should be considered, 
will now be explained. As described previously in this paper, in the earthqu^Jle proof de- 
sign of the subaqueous tunnel in Kawasaki Port, the ground response was given in detail. 

The actual tunnel was aodeled, together with the surface layer, using a Ivaqped nass systesi 
in which the surface layer end the tunnel waa cennactad by apriags Which repreaent tha 

stiffness of the soil. The input earthquake accelerations that were used were obtained 
from the base rock accelerations calculated from the accelerogram at the ground surfaces 
given by the ■vltipla zaflaetlcn tiiaary (8) . 

Jinother anaiple was the ■ieroaonation in the eeaatal area along Mkyo Bay. M pre- 
sent, effort is being directed toward the examination of the seismlcity of the coastal aa\d 
port structures in the area, and the microzonatlon o£ the asqplification of the earthquake 
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antion. In th« zoning wocX« the oafpllfication o£ the earttaqiMlu notions through th« sur- 

•ivroadi Mu uitd (9) (10) . 
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Fig. 1 Soil condition at seismometer array site (Kawasaki) 
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Fig. 2 Vertical distribution of maximum 
accelerations, EU component 
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Fig, 3 Acceleration time histories 

Earthquake of April 6, 1973, EW component 
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RESEARCH STOOY ON LI^^JEFACTION 



ir*r. Huoiwon, III 



taogr Engineer Waterways ExFeriment Station 
Vicksburg, Mississippi 



A research progran is being undertaken by the U.S. Azav Corps of Engineers 
to evaluate the liquefaction phenomena relative to earthqtMlw MlpOiDas Of MTth- 
fiiled daas. Present and future stadLes are suiamarized. 



Bey Nocdst Barehflll dansi aartbtuakeai ground ahakinqi liquefaetlonv aoll 
danaltyi stability. 



IIZ-a4 



Digitized by Google 



UniMJUUCTlON 



A major canst- of damage of catastrophic failure associated with ear*^>iqviflkoii lu ofton 

attributed to liquefaction and/or slupcing of oohesionless soils as a result of dynanic 
•aeltetioo. lb* iavortaiiM of liqoefaetiMi tM* xaoMitly highlighted hf the newr failure 

of the tower San Fernando Dan during the 9 February 1971, San Fernando Earthquake. Many 
other liquefaction failures have occurred and are docmented in the literature <1, 2, 3, 
4). 

hm a result of the near failure of tiie lower San Fernando Dm, the Corps of Bbgineera 

(CK) initiated a research program on liquefaction phenomenon. A number of these investi- 
gations are being conducted at the U.S. Army Corps of Engineer Waterways Experiment Sta- 
tion (MES) f vicksberg, Mississippi. The objectives of these studies are (a) to evaluate 
the Miaaic stability of the CE hydraulio-fill dam, which fortunately are located in 
areas of low to moderate aeiamicity, (b) to evaluate tiia dynamic response of proposed Corps 
structures which arc to be located in areas that are known to be seismically active and 

(c) to is^rove the Corps ability to determine in situ density and relative density or to 
davtlop aa indax ubieh can ha valiahly valatad to Uquafaetlon potaatlal. This paper will 
diaouss these aetlvitlss. 



CYCLIC TftlAXXAL COMPRESSION IBSTS 

Soil behavior under conditions of strong ground shaking is determined by cyclic tri- 
axial compression tests. In such tests, the deviator stress is uniformly increased and 
decreased while maintaining a constant chamber pressure. The test equipment utilized by 
UBS Is Shown in Figure 1, Ttm ^levHiatic control unit consists of regulators and solenoid 
-valves tiiat are actuatsd bf a eaai-o|>srated aioroswltdt. lbs values provids altsmating 
air pulses to a double acting air cylinder Cloadinq) piston such that a cyclic load is 
transmitted team the air cylinder through the piston to the saa^le. Obviously, careful 
calibration was req^lMMlf oonsldertng friction in the system and uplift presstires gen- 
erated hy the chaiiher pcsssane, to regulate the pulsating air pressuras eo that the de- 
sired loads are imposed on the apecleens. 

Electrical pressure trimsducers, a deformation transformer, and a load cell are used 
ISO SMasure pore pressure and chisfcer pressers, axial defoceation, and axial load, respec- 
tively. Because of the rapid change In saii>le behavior at liquefaction, a high speed re* 
corder is required to provide a continuous record of events during the tests. Figure 2 
is a photograph of this equipment. The triajcial cell is on the right with a 2.8 inch di- 
ameter soil sao^le inside. The large rectangular unit in the center is the pneumatic con- 
trol Wit Ubieh honsM the sir pcessuxe regulators aiid solenoid values, ihs unit on the 
left is a hl^ «pssd reeerdMr uhidi provldss « ccntinuoos rsoord of Uie tMt data. 



The majority of tests performed to date have been conducted on remolded seniles of 
oohesionless material consolidated to isotropic or anisotropic condition as required. A 
bade pressure is applied to the spedaen to ensure saturation. Saturation Cor these test- 
ing programs is defined in terns of Skcmpton's B-parainotcr . The B-par^uneter is equal to 
the ratio of the change in pore pressure to an induced change in chamber pressure. The 
value is checked in these tests by closing the drainage line sad increasing the chamber 
pleasure a dssirsd anovnt* and obssrving the increase in pcce vster pressure. Typical 
valoee are 0.98 or greater for theee testing piutirams. Vbe speeimens are subjected to a 
cyclic vortical load at a frequency of 2 Hz. Liquefaction consists of largo deformation 
and a partial to total loss of strength. At the start of cyclic loading little deformation 
occurs, but as the Cyclic loading progresses, the pore pressure increases thus reducing 
the affective atress. lha CB pressntly defines initial liquefaction aa the atage when the 
pore pressure first beeoaes equal to the chas be r pressure giving an effective stress of 
zero. When this happens with a loose specimen, large deformations soon occur. This is 
shown in Figure 3, which is a plot of stress ratio ^^^^"^ versus cycles of loading for a 

cohesionless material at s density of 98 pcf or a relative density of approxiskately 60 
percent* «^ is equal to the qrello deviator stress sad is equal to tiie labiant oen- 

fining pressure. The curves are for initial liquefaction, ten and twenty percent peak-to- 
peak strain. Approximately three cycles of loading are required for the specimens to 
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VBidergo twenty percent strain efter initial liqaef action has been reached. Hm responaa 

of a dense specimen is s'jbstantially different. Figure 4 is a plot of stresa ratio versua 
nuciber or cycles of ioadany for the saiae cohesionless material at a density of 109 pcf or 
a relative density of approximately ninety percent. At this density approxinately fifty 
cycles of stress ware raquizad beyond initial liquefaction to reach tan paroant paak-to- 
paak atradn and twenty percent pe«k-to^ak atrain waa naver readied. 

WE5 has used the results ot these tests along with ^nanic finite element coofiutex 
calculations to asaaaa tlia atability Of botli oparational atmeturea and pzopoaad atne- 
turea (S, 6, 7, 8). 

The CE is also currently funding cooperative research on laboratory testing in this 
area under the direction of Professor A. Casagrande at Harvard University. Dense sand 
apaeiMns have been dynajnicaiiy excited in a gyzstooey tittmr devloe. SjpeciMnfl bave been 
froaen ionediateiy after liquefaction. Saoplas nara tta«A cut into aeny ineranents anr^ 
aoil properties of each increwent are detemined. Evaluation of theae data is ongci 
today and should be published within the year. Tentative re.sults indicate that the be- 
havior of dense sand specimens is governed by the migration of water within the specimen. 



Xhe response of a cohesionless soil when subjected to dynamic loads is a function of 
ita danaity or relative density. Am accurate detezminatlea of the in situ density or 
relative density of a oohoslonlaas natarial balov the water tibia ia a difficult and tiaa 
consuming procedure. Worfc was conducted at WES in the 1950*8 Whld) showed that undis- 
turbed sand sajuples could be taken below the water table for density determinations (9) . 
During this investigation, a procedure developed by WES (10) using a fixed piston saqpler 
and drilling aud waa aapleyad to obtain mdlaturbad sand aaaplaa. Briefly tiiia pcocadure 
is as follows: (a) As soon as the sample is removed from the drillhole, a packer is placed 
in the bottom of the sasple tube and the san(>le is allowed to drain t^ila remaining in a 
vertical position, (b) After drainage, a packer is also placed in the top of the tube and 
the saqpie is pl^u^ed in a rack in a horizontal position aztd fixed against rotation. A 
rubber haHter ia them weed to «ap ttum epeolwen 25 tiawa from left to rl^ht and aS ttaea 
from right to left, (c) The sample is transported to a laboratory in this condition, 
(d) Once in the laboratory, the samples orientation is never changed (i.e., no rotation 
of the sanple whatsoever). It is cut into three-inch increments for density determination. 
Presently WES is X-raying the saiqple and cutting the samples into increments as indicated 
in iSb» radloqraph for danaity detazainatioin. Figure 5 la a plot of height tnm botte« of 

sample tube versus correction for location of increment in tube for various relative den- 
sities and su.Tjnarizes the results found during this earlier investigation. This plot 
shows that no correction is necessary near tlia center of tlia tidM and tlM aatrtBa density 
corrections axe in the order of 2 pcf. 

WE? is presently checking the previously developed niethod of undisturbed sampling Of 
sands to detarinlne xts adequacy for determining the in situ density of cohesionless ma- 
terials below the water table. Indirect methods of in situ density determinations are 
alao being evaluated. Penetration and aaapling teata are being conducted inside a 4 ft. 
diaaeter by 6 ft. high atacked ring asaaebly. Figure 6 ia a photograph ahowlng a aand 
sanple inside the stacked ring device. The rings are approximately one inch thick and 
havd a tongue And grooved neoprene gasket between each ring. The purpose of this device 
is to minimize sidewall friction and thus give a more realistic stress gradient in the 
aaapla. The aand haa a median size of ^proximately 0.2 am and about five percent passing 
tiie No. 200 sieve, this aaterlal Is plaoed Inside the atadced rings naing a raining tada^ 

ni-jc developed at VTES. Samples are placed at known densities in six inch lifts. Figure 
7 IS a schematic showing the entire stacked ring asseobly and the sand sanple. MES pres- 
sure cells are placed at three locations in the specimen. Each location has a series of 
six oella, three vertical and three boriaontal. The asaeably is located in a pit in the 
floor of tlio laboratory building. A rock filtar exists below title sand aasple and watar 

is introduced at this elevation to submerge the sairple. A water bag is placed on top of 
the sand sanple and a loading device with three hydraulic rams is used to apply pressure 
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to the water bag thus ensuring a -iriiform stress distribution on tho top of the sample. 
There is a five inch dianetar hole in the center of the loading device and water bag and 
three three-inc)i diameter holes located thirteen inches out from the center on 120 degree 
radials. Figure 8 is a pbotognypb of tlw bag befor* it is placttd on ths top of th« sand^ 

A vertical pressure is applied to the top of the specisien ar^ consolidation is allowed 
to occur. Undisturbed fixed piston sanples are taken in the center hole. Standard pene- 
tration taats (SPT) are aonduoted in oadi of tiM thrae radial holes. Figura 9 shorn the 
ovarbordan device asaasttled and the drill rig in Its durational position. Tentative re> 
suits of this work indicate that an accurate detemination of density can be made using 
the fixed piston sanples and add confidence to our earlier findings. Use of absolute in- 
stead of relative danalties is dasirabla fOK Mianle aaalysla of a specific projaetr but 
relative densities are needed to ooopare analyses and eiverienoes at diffarMit sites. 

Attempts have been made to correlate SPT "K" values (nurnber of blows required to drive 
a splitapoon the last twelve inches o£ an eighteen-inch drive) to relative density. The 
analysis of thase data Is Inconelunivs at tills tlae. 



FtftOVB mVBSTIOhTiOMS 
Most of tbe llqoefection analysis that have been nade in the 0.S. have been based on 

vork done by Professor Seed and his coworkers at the UniverFilt^' of California. This work 
has placed great eofihasis on the liquefaction which occurred during the Niigata eartiiquake 
of 1964 (10). Professors Casagrade, Harvard University; Peck, University of Illinois; 
and Seed have all esiphaaisad the need for direct detaraination of denai^ at sitae where 
llqaafactlon has oecarred. It is believed titiat tMs is especially inportant at the Nil* 

gata site. Professor Casagrande also believes that tlie geologic ago of the various sand 
deposits could be an important parameter which has not been studied to date . The CE feels 
that a program of undistiurbed sampling at tbe Niigata site would greatly enhance existing 
knowledge on liquefaction phenoownon and reccswends that sudi studies be nada if feasible* 
ins eeuld ba pleased to offer technical assistance in titls natter if desired. 

NES has recently purchased a sophisticated closed loop loading apparatus. This equip- 
annt along eitli other i^paratus that are cenrently being developed at ms ahouU give tiie 

CE the capability of cyclicly testing up to fifteen-inch diameter specimens. This eqviip- 
ment also has the capability of using a random input (actual earthquake time history) to 
excite the specimen. The CE plans to utilize this equipment to gain insight into param- 
eters such as tha geonatzy effects, the effects of frequency, the effects of wave shape 
and fen* and the eeeunptlone currently need in going fvon the actual field earthquske to 
•Viivalent laboratosy conditions. 

The CE is extremely interested in developing a mathematical model which would predict 
liquefaction. Theoretical work is fcoposed in tha near future to develop nnoh a aodel. 
m is ovKzently fending raseerdi at the Dbiverei^ of MichlgBn utilising the Method of 

characteristics to see if this approach can be used to pr'^dict liquefaction (11) . The ob» 
jactive of this investigation is to see if the method of characteristics can accurately 
predlet the response ef the Lopes Dan during the 1971 San Pemando lartbquake. 
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Fig. 2. Cyclic Triaxial Test Equipment 
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A series of £1«X4 vibration ejoperlments wexo porfotasd in orter to «stl- 

mate the liquefaction potential of sandy soil during earthquakes. Bore hole 
explosions 'rfere used as a vibration source. A significant relation was found 
between the ground stiffness and the pore-water pressure as caused by the ex- 
ploalon. A propoMd aothod haa been developed tot eetiaatlon of tbe Uqoefa^ 
tlon potential. 
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PREFACE 



Sinn thft Niigata and Alaska Earthquakes in 1964, and th« diaastrois effects due to 
liqasfactiLoR of a sandy ground or a swdy enbanJcinent, there has been increased Interest 

and conccrr. in th« liqut:faction phenoTcna. Extensive researdi and atu^^ haa^ titerefOEef 

bean conducted in various countries relative to this problea. 

Based on the results of these studies, several simple methods have been proposed in 
order to estimate the liquefaction potential (1, 2, 2, 4). These methods use the N-value, 
as obtained from conductir.g standard penetration tests, tlic relative density and the irain— 
size distribution, etc. other methods (5* 6) \is« a combination o£ the results obtained 
fioB dynaaie ahaar taata and the analytioal reaulta of the ground vibration to aatiaate 
liquefaction potential. In addition to these mcthiods, a technique which can ostinate the 
liquefaction possibility of the soil in the in-situ position, that is at the field site, 
is iTtost desirable. This is bacansa ganarslXy tha iB>sit« soil has ttaa eollewing eharao- 
teristics; 

(1) There nay exist a certain cementation strength among the grains in an ur— 
disturbed state, even in a sandy soil, depending upon the age and the de- 
velopment of the deposit (foe instance, old alluvial deposits or reelalnad 
land }. 

(2) The soil nay not be uniform, but nay have latninatlans idlich can include Silt 
or gravel layers, or a surface soil isay be present. 

one of the aost logical methods that can be esployed to investigate the gvoond b^v 
ior under vibration is to apply an artificial vibration aourcs at lAm actual test sits. 
The inducement of an artificial vibration can be a^ievad by a bora hole eivlosioo and by 

driving piles. 

Eaylosion Method (7, 8, 9): Florin has proposed a criterion for the estimation of 
liquefaction potential, by examining the magnitude of the average settlement of the 
ground surface within the radius of 5 n fron the explosion point, by blasting 5 kg 
of annonite explosive at the depth of 8 n to 10 m and the ratio of settlement by 
tiiras sueoessivs saploaioos at one place. By tills iistiiod, if the average aagnitoda 
of the settlenent of the ground surface within 5 rr. radius is below 8 m tO' 10 Ctt, there 
is no need to provide any measures against liijuef acti on of tJie soil. 

Pila Driving Method (10} i This aathod aa^imataa liqu*£*ction by reading tha aooele- 
ration netars and Idas pore prsssurs gauges installed in tlis ground to Bsasurs ths 
vibration of tbm ground oanssd by tils driving of a stssl tidts pile or a sand compac- 
tion pile. 

The following will describe an outline of the liquefaction eatination ei^rljwnt, us- 
ing tils explosion technique, nndsrtaksn by tiis Pdblie Honks Rsssardh instituto. 



PLAN OP BXPBIOllBNT 

(1) site of experiment 

The site where this eiqperimsnt was perform&d was at the high water charuiel of the 
Ugano Iliver« in Wiigata Prsfsetnre. The embankment of this river had suffered cracks, 
alidings, and settlswrnts at nunerous places during tha Niigata Barthquaka, and was knoim 
to have a oil which eonld easily liquefy. Also, in sslectlng tiie sits. It ifss zonots frev 
ths Inhalaitsd arsa, thus slininatiBg any honan co^laints due to the tests. 

(2) Soil condition 

The soil condition can be classified into three major zones, as shown in Figure 1 (a) 
to <e) . jfc-soBS has a layer of O.S • 1.0 ■ thick hianns on tiis surfaos and a sand layer 
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underneath of anpzosLattely uniform fine and coturse semd partially latennixied with filM- 
grain gravsls. Ihe gxound water l«vel ia apsiioxiHitaXy at tha gzoond siir£aoe. Iha ground 
•tiffneM W-valws ara 3«8 at a depth of 5.S to 6.0 «. Forthar down tha 1t*valiMa auddanly 

iiicreaiiu to a value of above twenty. The S-zone has a cross layer of fine and coarse sand 

mingled with gravel. The ground water level is located i^roxinately at the depth of 0.7 
to 1.3 at from the ground surface, lha K-^lua to the daptJt of afecnit O.S to 7.5 m ia thrae 
to aight. Furthar dom, tha N-valua ahowa a aodden incraase to a value of thir^. Tha 
0-«ena ia ooverad with a layer 1.0 m of surfaea soil with an underneath cross layer of 
fine-coarse sand. The N-value, down to the depth of about 3.0 m, is three to six. At 
further depths, the value is ten to twenty. Xha ground water level is in the vicinity of 
2.0 to 2.3 m froffl the gvogad aurfaoa. vfea grain aiae dlstribotlon of tha aaai la aaoh 
■ona ia ahewn in Figura 3. tfoeh a diatrlhutleQ enrva ia Indioativa of tbm tjfg^ of sand 
whidi ia pzona to cauM liquafactioa. 

(3) Test Method 

Dynamite which was charged into a bore hole of 4-8 n deep was used for the explosion. 
No sand was filled in the ejQ>lo8ive charged hole. Strain gauge type acceleroroeters, pore 
pressure gauges of the strain gauge typo, and differential tramsformers were respectively 
Installed. These units were placed in both tha bora bola« aocroanding ground, and in tha 
ahallow gromd surCaoa. Tha diangaa or fluctnatioM oauaad by tha axploalon wara Uion ca> 
corded by a data-recorder (magnetic tape type) and an eletromagneti - oscillograph. All 
of Uis bore holes, whx(^ wmx& made for {oonitoring, were filled witii sand. The ma^iiitudo 
of the settlement of the %K>oden piles, installed in the ground surface, were measured be- 
fore and after each aivloaion by uaa of a laval. For aona of tha a)qpariaanta# Swadiah 
waight^soundiiig taata wasa parftuoMd bafora and aftar aa ai^loaioiif in tha violuity of tha 
aajploaioa hola, to ittvaatigata Hm atraagrtb wlation of tiia greond. 

(4) Itet Condition 

Tiibia 1 ahcMa tiM taat fwnrtlttona of tha aiqpariMinta tiiat were parfiDcnad. 



(1) Naasorad Itecorda 



Exai^leii of t}ie recorded acceleration data and the pore water pressure data are shown 
in Figure 3 (a) and (b) . The initial shock part of the acceleration data, caused by tha 
aiqploaiana, ia from tha body waiva. The relativaly long fraquancy appaaring theraaftar 
ia tlMught to ba aitiiar tha raflaetad wawa fron Him gvonnd aurfhoa and tha lowar atratnif 
or by the surface wave. Even with the pore water pressure after it had shown an initial 
short cycle vibratory characteristic (Ud) , it changed into a soiaewhat longer cycle vibra- 
tion leaving a partial residual substance. This, however, rapidly dissipatad gaaaxally 
in two to fiv« nlnutaat and than ranainad oonatant. ihla ia probably baoauaa tha gziwiid 
atziietiupa haa haan diatuxhad hy fha aaiMde lotien aa oauaad by tha ai^laaioB, and tiMxa 
has ooourrad a phano—non of a partial llquaf notion ca o aing an aaaaaa poea watar pvaaaura 
in tha ground. 



(2) Ground Aecalaratlon 



Figure 4 shws a diagrajn of the maximum value of the s'^rface around acceleration 
against tha distance from the e^losion hole to iiluBtrate the ground acceleration chaxa^ 
taxiatie. ha ahowa by thia diagram, the vertical accelaration ia largar than the horiaon* 
tal aeealaratlon at tha gvound aurfaoa, with a graatar aoattariag with redact to the 
vertical aeealeration. 



(3) Pore Water Pressure 



riguza S(a) ripCMmta tha 

inatallad fioar tha taat to nai 



of tha pore watar praaaure gaugaa and accait 
tlM poca watar praaaura. Figura 9 Cb)-(a) 



III-40 



Digitized by Google 



lllustnte tbe diatrlbuUgn of tiis ahoek poxe water pcenora IM against the X.O kg 4ytMiiilte 
•i«>lo«ion mai th« rMidoal por« wat«r pnnun Ur. In these examples, there has occtirred 

in the vicinity of these exj-losion holes an excess pore water pressure of 10* to 7C* of 
the overburden pressure, and it is believed that a snail scale liqiiefactioQ has taken place 
in tb* ground. To furtlier indicate WtiMhar a Hqnafaetien has actually takaa placs* such 

items as a sand blow, water spout, and ground settlement should be observed. However, 
neither a setnd blow or a water spout did occur although ground settlement was noted, as 
will be detailed later. Ficrare 6 illustratci; the relationship of Ud and Ur to the ground 

Stiffness fron all tests including those presented in Figure 5 (b) - (e) . Ud and Ur have 
baaa non-diMnaionalised by dividing then by the effeetivw oveAurden pressure o^*. 

According to tnis r igore 6, in C-zone where the ground is stiff, Ur is smaller than 
Ud, and by contrast in the B-zone where the ground is soft, the reverse trend occurs. As 
will be shown, there Is a rslatlonship batwosn ground stifCnsss and liquefaction potential. 

(4) Ground Sorfaea SstHsnwit 

Bxanplas of the measured ground surfaos settlement' caused by the ei^Iosion are ShOMH 
in Figures 7(a) and 7(b) . flie tast data preaantad cocraapaBda to the saas tasts presented 
in Vigoras S(b) and (d) . tasuae now that t^e soil stratum abovw the ei^loslve depth charge 

of GL-Crr. has a relation with the ground settlement rate. This can he illustrated by the 
relationship between the mean 24-valu6 of the soil stratum and the settlement rate at one 
■Bter fSOB Vbm enploaion point, as shown in Figure 8(a). Further, consider the pore water 
pressure at a aeasuring point 6 m from the ei^losion hole and at the depth of 6 m, as 
shown in Figure 8(b). This figure shows the relationship between Ur, at this point, and 
the previously mentioned settlenent rate. It appears from those plots that as the ground 
settlement rate increases, the ground becomes softer and Ur increases and vice-versa. 
Alto MMuriag tJie gzoond settlaaent rate In tills Bannar, a greater potential of occur* 
rence of Or in tlia ground mv be estlaated. 

(5) Variation of Oround Strength 

zn order to investigate the ground etrength variation by eiqplosion, a sat of swediA 

weight-sounding tests were conducted stirrooading the eiq>losion hole before and after the 
ejqplosion, an example of which is shown in Figure 9(b)-(e}. This experiment was carried 
out before and after the experiment No. 1-5. The position of these tests are shown in 
Figure 9(a). The following trends are noted froa Figure 9. In tbe case where the ground 
strmgth is estinated in tanas of an average nuniber of half-turns per n (Nsw) , the pre* 
explosion ground strengtJi tends to increase with ground depth. However, after the explo- 
sion, its distribution range is apt to e^^and. This is particularly true in the vicinity 
of tiie evloaion point, where Its strength drastically decreases. At the central point, 
at a distance of 5 m from all the explosion holes, the strength throughout the entire 
stratum has substantially increased. This may be due to the ground coapactlon, as a ra- 
Buit of the elvloeion vibration. 



siMFic Mniffsis or nsr rbsouts 

At present, the liquefaction phenomenon of sandy soil at the tir-.e of an earthiquake 
is said to be caused by the repeated shear stress under the force of the earthc[uake and 
the dllatancy neehanlaa of sand rather than the ground acceleration or its inertia ferea. 
Therefore, even the soisinic motion produced by explosion differs from that caused by an 
earthquake. A siiaple analysis was, therefore, tried, which would consider partial lique- 
faction to take place as cauaed by the dynnic eheax stxeso. 

ihe ground vibration by an in-boro hole ei^plosion osnnot be analysed very ei«ply be* 

cause of the existance of bore holes surrounding the ground surface, as well as the non*^ 
uniformity of the ground strata and beddings. Ho%raver, a simple approximation may be 
■ade by considering the ground vibration caused by an eiqplosion as that due to a apharical 
warn (P wave) eaittad frca one point in an infinite •lastie body. 
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Using the symbols given in Figure 10, 
r Bay b« ajipressed (llj by the Equation (1) . 




irheret and represent the normal stresses 
respectively. Taking the conpression stress as 
b« given by eiqploying th« nodulus of elasticity 
CelsBon'a ratio vi 



•q^tien of notloD in tbo radial dlroetlon 



1 




in ttie radial and tangential directions, 
a positive, the following expressions can 
E of the ground containing watax* and 



e- - { (I - vJ is + 2« il } 

(l+u)(l-2w) 3r r 



(2) 



a* 



3u> 



(iiv) (i-au> * ar 
FroB BqnatioM (2) , tb» dynnic abaar atxaas t4 *nA aaan principal 



— ; 



2(1 + v) ' 



• 9 $C1 - M ' 

la Ozdar to aatisfy Equation (1), the following equatioas are assumed: 

u - it ^ - 1 f (r - Ct) (4) 

ar ' 

Substituting aquations (4) into aquations (3) givasi 





^ (. 

2(1 + v) ; 






B 




3(1 - 


aret 




Id _ 


3(1 - 2j) 



,3 ^2 r 



. if- 



(5) 



. (3 £--1.^+1) (6) 

"m 2(1 + v) f« ' f" 

It ia V. i^'jsirable to evaluate the stress ratio at the tinve the P wave arrives at 

each point, employing the following wtpression fron the continuity conditions of displaoa- 
aant and vsloeitv qivsst 

f = 0 f - 0 (7> 

Then fzom eq^ation (6), the stress ratio at the tins of P wave's arrival, namely, at 
tbe tins idtcn Vbm Initial sliodc wave notion is pzqpaigatad, isi 

— - 3.(1. ■ ' {6') 

2(1 -t- V ) 

Assuming the ground is in a saturated state, the shock pore pressure Ud, produced by 

tho arrival of tills p wava, is oonstdarad to eraata an uadralaad oendition beoauM of tha 

rapid occxxrrence of the phenomeaoo. Sacawa Of Aock pora pcasanra is aqnal to tto 

mean principal stress o_/ or; 

m 
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Ud = O 



(8) 



n 



AlsOf Polsson's ratio v in an undraincd oonditioo of the saturatad soil nay be given 
fey the ftaUoifliig e^zeaaion (12) , 



i^MM n ■ Poxosityi G - Modulua of rigidity of the groundi Ow ■ Coefficient of wiia e e »l-> 
billty of water and v • 1/2. 

Substituting Equations (B) and (9} into (6*) gives; 



This equation states that the- shock f>orc water pressure Ud, created inmedlately after 
ei^losion, is proportional to the dynamic shear stress which affects the soil. 

Figure 11 sunnr.arizes the results of a dynamic triaxial compression test under 3 sat- 
urated undrainod condition perfomed on sand similar to the sand at the test site. This 
diagram illustrates the effect of residual pore water pressure in the test specimens of 
different densitiea eobjected to different dynaaio shear streaaes. These results indicate 
that at aaaller denaltiee* the reaidoal water pnawan Increases, thus, the greater tite 

initial dynamic pore water pressure at the time of explosion, the softer the ground becomes 
and the greater will be the residual pore water pressure. Figure 6 shows this same trend. 
Figure 6 represents an approximate comparison of the classified ground for each test cone. 
This shOMS thait as the dsnsity variss in the depth direction, the llg oe fa ct ion potential 
nay also differ. For the density at various stages of depth, a classification by use of 
the actually measured or estimated iJ-values was considered, since no sufficient iun li:g 
of the undisturbed test specimens was perfomed. For this reason, on Figiore 6 there are 
listed the estlBBtttd W-^valnes at eaoh Beasorlng point, and a tentative elassifioetlon aade 
by N < 10. According to this diagram, it may be said the differences between Ud and Ur 
are more evident than by the mere division according to zone. Therefore, the relation be- 
t%reen Ud and Ur is closely related to the ground density and from the relatioi.ship of both 
values, it aiay be possible to estiaiate the ground dexuiity or possibly tbe liquefaction 
potsntiftl. 



(1) A Keaaoosble Mthod for estiwetions of ground llqoefaetion potential hy Beans of bore 
hole ea^losSaa has been obtained. 

(2) A» en OBtlwfOll index for liqiMfaction potential, a relationship between the shock 
water pcessurst residual water pressure caused fay the esplosion, and the ground aet- 
tleswnt rate has been developed. 

(3) Despite the above developments, the following problems remain to be solved: 

(a) Oetenine the applicability of the techniqne for other soil conditions (creation 

process, soil property, density, etc.). 

(b) Determine tbe applicability for deeper soil. ^ 

(c) ap p ro v e the eeeiiraey of aeasuring gseond aoeeleretlen and pore water pressors. 

(d) XMprova the aceuraey of tiie ■sasureMnt of soil dsnsltlss. 

(e) BuBlne further the tihanoteristics of residual pore pre s su r e as Obtained by a 
laboratory dynaide shsar tsst. 

(f) Bevisiif of the analytleal netheds of «roiind vibration by s^plosien. 



V - J (1 - nCSCw) 



• nOCw • ML 



(10) 
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(b,c,d,e} Increase of pore pressure with depth 
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(c) aft«r explosion 
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(e) after explosion 



Pig. 9 (a) Location of the explosion point and the aoQiiaing point 
(b(C>df«) Penetration resietance with depth 



ZtX-49 



Digitized by Google 




Fig, 10 



m ■ 



stress condition 



t 



K Dr - 50% 
A Dr > 70t 
9 Or « 80% 



Or - 50% 



' ,Dr • 70% 



I * 



'1 



/O , 



/or - 80% 



•A - -i^ /'- r - 



A) «J a.« 0.5 

Dynamic efiear stress versus sffeetive aabi«nt pressore od/ioi 



Fig. 11 Rslation between dynamic stiaer stress end resldnel pore 
pressure fay dynamic trisxial tests on fine sand 



in*50 







Table 1 Condition of 


experiments 


EX. MO. 


Test 
•it* 


tabkmt of 


fi«pth of 

•oiplosion 


Neasured qiiuntlty 


1 






4 " 


Aoeelentlon on mnMind nurfaea 


2 




0.5 


4 




3 




0.5 


6 


Pora mtar pvaaaura 


4 


A 


1.0 


6 


• 


5 




1 . 0 


8 




6 




1. 0 X 2 
(1 sec 
interval) 


6 


Acceleration on ground surface 
and under ground 

Pore pressure 
Settlement of ground 


7 




0.9 


e 


8 




0.2 


6 


Aoeelaration on gxooad aurfaea 


9 




0.2 


6 


10 




0.2 


6 


Acceleration on gxooad aurfaea 


11 


B 


0.2 


6 


and under groinnd 


12 


1.0 


6 


Acceleration cm ground surface 

Pore water pressure 
Settlement of ground surface 


13 




1.0 


6 


14 




1.0 


6 


Acceleration on ground surface 
Pora watar preeaure 
SattlMttBt of ground surface 


IS 




1.0 


6 


16 






6 


Acceleration on ground surface 


17 




1.0 


6 


Pore MStar pressure 
Settlenent of ground surface 


18 


C 


1.0 


8 


Accelerat.i.on on ^rounii surface 
Pore water pressure 
SattlasMnt of ground surface 


1» 




1.0 


6 



m-51 



Digitized by Google 



UNDSUSB IMCZmKS MID HBCBIHISMS DDHimS BMITHQUAKES 



Geox9» B. BrLdcsm 



O.S. Qaologieal Sorvvy 
Ruton, Virginia 23092 



Btxaaq •urtiiqualm af faetiag ■ountaiaons terrain ara fanarally aeooapa- 

nied by hundreds or evfn ♦:housands of large potentially destruct,ive 1 anri?^! i rfps 
of certain types; earthquakes affecting areas of low relief cause fewer and gen- 
erally different types of landslides, which, however, may be equally destructive 
to woxka of aan. On ataap alopaa, anong tha mmuf t^fm of landalldaa tbat aay 
ceeur, Calla, alldaa, and avalaneha* of zodk and soil ara mamt fraquant during 
earthquakes. These landslides take place where slides are cortBionly part of 
normal mass-wasting processes that affect hillslopes; the earthquake causes the 
reactivation of old slides as well as the formation of new slides. Surface move- 
aent on faults say also oauaa landslides by tba foxmatioo of scarps that change 
alopa atabillty altiujogh landalidaa of tlila typa ax« zalatlvaly rara. In terrain 

of Ic*' r'slipf, fail'i^ri^f; by rotational slump, trsnslnt"?-/ ?H-iir^-r, ard Ifltoral 
spreading arc frequent causes of destruction xn towns and cxtxes that havo baan 
oanatxtteted on onatebla^ ^anarally vatei^aaterated aoll or uneonaolidated MdiaMit. 

tanaalldaa, wiiSt tha axoeption of thooa daselflad a* falla, rasult froa fail* 

lire of earth Tj*-nrials under shear stress. Earthquake accelerations trigger land* 
slides by causing a traitsitory increase in shear stress in earth naterials at tha 
site of the slide, and by causing a decrease in the shear strength of certain aa- 
teriala« auob as water-aaturatad aoil. Hoat slida fallore takes plaoa along ona 
or anra planaa of waaknass, aaeapt for flowa or laadapraading, wharaln a givan 
mass falls by loss of coherence. Aciong the most spectacular or earthquake-trig- 
gered landslides are large high-speed debris avalanches that move over a cushion 
of aatzappad eoapraraaa air. 

nay llbrda: Avalancheai earthqaakest fallBj flOMst land alldnai aaohanisMf 



slides. 
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Landslides, which may he widespread and frequent during large oar thquakes , are among 
the aost deetnictive of earthquake-related phenomena. They have been major causes of de- 
■tnietlgiil duEtng larg* MrthqaakM (K > 7.5) in iwstun north and Sootit Amariea dnrin? 
the past two decades. Among the inost destructive were the translatcri* slides affecting 
saacoast towns and cities during Uie 1960 earthquake in southern Chile and tho 1964 Aiasica 
earthquake, both M ■ 8.5, and the Huascaran rockfall avalanche that obliterated the AndMft 
city of Yungay during the 1970 Peru earthquake (N ■ 7.7). In additioo« eaeb of th«sa 
aastiaquakM trlggeMd thooauite of otiiar landBlldBc that caused ajctanal'v* dannga to works 
of 

Landslides are part of the mass wasting of hillsidAS and thus are part of weathering 
pxooessM tbat over tine rasult in leveling of terrain. Noat landalidaa ara the final ra- 
avlt of tlw ewlQtion of stress oonditions %ihidt davalop an unstdkla alqpa that only re- 
quires a tri-TTr^ring mechanism to produce a landslide. Earthquake vibration is one trig- 
gering mechaiiism that is luiiqua in causing great numbers of slides to occur in seconds or 
minutes, slides that under normal conditions of weathering mLtfikt oocar ovar periods of 
hundreds or avon thousands of years. Tha earthquake aqf cause rs Bewad MDVcaent of old 
landslides as well as the formation of new elides, which nay or nay not fail wider nomal 
stress conditions. Some earthquake-triggered landslides are clearly larger than they would 
have been bod they been triggered by some other mechanism. Causes of landslides other than 
aartliqpidtas mft lubrieation or saturation of tha slida awas by water r ersrloading bf aanr 
made structures, and changes ia alopa atabtHty bacaosa of strasa undercutting* Buefaos 
faulting, and manmade cuts. 

The effect of earthquake- triggered landslides on terrain stability is variable. In 
sens plaeas, a givan alida area is more stable after the aerthguaka. an, for asnvle. Where 

rockfalls and sollfalls on over- steepened slopes result in a more gentle stable slope; in 
others, the area is less stahle, as, for exanple, in terrain where fissuring and Incipient 
sliding caused by the earthquake result in increased water infiltration that causes a for- 
■ir stable terrain to baooae unstable. Exoo^lea of changes in slope atability such as 
Oiase are generally readily raeognisd»le In tha fleldf but aany tlaes tb» stability of a 
given slope after an aartbgusks dipsnds on wof subtle geologic features that mqt 1m dlf> 
ficult to recognize. 



GUssiPicafPiON OP UHDSLines 

The landslide classification used in this report follows that of Vames (1958, p. 21), 
wherein landslides are characterized by type of movement and type of material (Figure 1). 
Landslides are considered to involve downward and outward novennnt of slopa-foiving iiatar- 
iala consisting of badrock, soil (includes all natural unconsolidated material on bedrodc) , 
and mannade fill. Movement nay consist of falls , slides , and flows as well as coiobinations 
of these. In this report, translatozy slides are considered to be landslides, even though 
their moveoisnt is essentially horiaontal and failure in sons (Isadspreading) suqr be due 
to Indpiant flew of liquafiad ■atarials or to plaatle dafbmaticn. 

The various types of landslides and their size and frequency are determined largely 
by the slope angle at the slide area and by the physical character and structure of the 
elide aaterial. Falla of roeJc and soil break away fron overateepmed or undercut slopes, 
and novenant is largely by free fall of aatarial through the air* Slides take place by 
gliding along one or more planes or zones of failure, which may be curving and concave up^ 
ward (slump), inclined planar (block glide, soil slip, debris slide), or horizontal 
(translatory slide) . ftotational and translatory slides (Figures 2 and 3} generally occur 
in poorly drained uncons o lida t ed sedLaents and weak bedrock en gentle slopes or In hori- 
zontal terrain at the margins of topographic depressions. Debris slides (Figure 4) ara 
most prevalent in cohesionless soil and weathered bedrock on steep slopes. Flows , whieii 
take place on slopes ranging from steep to nearly horizontal, result from loss of shear 
atreagth of a aatarial so that it iMhavas as a viscous fluid (Figure 5] . Flows generally 
fbm In watar*eaituxatad fine-grained sadiSMnte, irtiioh baoosM Hqoefled ba c auae of extexnal 
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forces such as earthquake vibration, but also occur in ftcy fllW-gralned sedinents such as 
•and wuA silt. ConglMC l<nd»lid>s (Figure 1) Involve a ooafeliuitlotk of the above types of 
■ovenent and mteriala. In tiie atrletaet aenee, nearly all landalldes are conplax although 

generally one type of material predominates in the slide nass, and one type of moveaoent 
dominates in ctirt«d.n parts of a landslide or at a particular time during its movement. 

ngure 2 shows the fom and n-^'-^r-riatore of the oenpoaent parts a£ a rotational slide 
or Blimp, this temlnology may be aii.:.ied to landslides of all types although most land- 
slides are not as complex as the rotational slide, and consequently only part of the terms 
are applicable to these slides. The slide coqponents be defined as follows (Vaxnes, 
19S8, p. 1)1 

Main Scarp ; Scarp or surface of rv^ture at the head of the slide, which can> 
tinues beneath the slide and Is the pdnolpBl plnO Of fnilUK«» 

the stir face of ruptura. 

MiBor Scaucpt Scarp in tho slide formed by differc-.t:i,Tl rotational movement be- 
tween blocks within the slide mass; a plane of failure that may ex- 
tend doMMiara to tha nurfaoa of ruptmra. 

Head: U^ipenoat part of tha slide vass. 

Top i Uppermost p^t o£ the slida mass at the; giaia scarp . 

Foott Line of Intarsectlon of the lower part of ths surface of rwptwre and tlM 
original gmmd surfaosi mqt ho oithar o o wnA, as ihown in Plgoro 2» or 
■arkod by sn npthxtist rldgo. 

TOei outamost Unit of Um sUda nataxlal. 

Un)^ t The side of the slide. 

Crown 1 Relatively undisturbed material above the main scarp . 

Transverse Cracfcs t Tenslonal fissuree within the elide nass. 

Longitndinal PSdllt gone a Plane or zone of shear parallel to slide movement, 

caused by differential movement within coaponent 
blocks of the slide. 
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Landslides take place in a given rock or soil nass Whan tlis internal Amtae strsss 

ceeds the shear strength the mass as a whole, or of planes or zones within or at its 
margins. Shear stress within an earth nass on ground that is not level is due to gravis 
and to seepage force. Shear strength, the property that allows material to remadn in 
equiUbrlun on snrfaoea that are not level* is a function of degree of censntation or in- 
duretlan of hedtodk and gf Cciotion or oltot«oetntle bending bet—an ^alns as well as 
esnentntien of soil. 

Most types of rock have shear strengths so great that their only mode of failure is 
by rupture along structural planes of weakness snoh as faoltSf £rsotures« joints* and bed- 
ding planes, the «hear stxsngth of sollt on tlie otlier hand, in low. in tiw u noene nt ed 
eobesienless soils (those ladcing or hcvlng only eparse clay ninerals) , the sheer etvsngth 



Seepage foros results fin» flow of wnter throng a soil, and ia equivalent to loss 
of head because of transfemation of seepage force to effective stress by frletionnl dreg. 
In an isotropic soil, ssspags force acts on tiie direction of flow (Laabe and NbitMsn, 

1969, p. 261-262). 
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is chiefly a function of friction between componont grains and rock fragments, whereas in 
clay -bear inQ cohssive soils it is a function of l^onding between cprai-ns that results from 
adsorbed Ions. Cohesive soils are characteristically plastic because of the presence of 
elay ainerals of colloidal aiM, and eutft aolls tend to defoca plastically Niieo stieaic stxMS 
e kc eeJa dieer •treogth. Oohnioiilew mil** in oontrttatt are not pleetic end fhil eitt«r 
hf rivture or flow. 

Earthquake accelerations oavee transitory increases of ahear stress in materials OH 
taillsides and significant deereasaa in shear strength in sons aaterials such as «nter> 
satorated soil. Most eartfaquake-trlggered landslides are doe to the tea^orary increase in 

shear stress within a soil or rock mass that is already in a near-critical stress condition. 
Alternatively, cyclic loading due to the accelerations may cause a gradual increase in pore 
pressure in undrained cohesionless soil to a point of complete loss of shear strength and 
bearing e^padtyt and the soil li<iuefies (Lanbe and Hhitaan, 1969, p. 444-445) . This is 
refemd to m a qtaide ooodition, and soil in tliis state will flow freely. A quick coodi- 
tifltt devslops aaet readily in fine sand and silti it does not dewlap in ooiMsive soils. 

Msngr Isndslides fitil fay rviptare along distinct geologic stroctares« such as beds and 

bedding planes in stratified rocks, and unconformities, faults, fractures, and joints in 
rocks and soils of all types, whereas others fail along planes or zones that do not meurk 
any apt'-*^''"*- strut-tui al dis L^-ontinui ty . ot these latter types of landslides, the planes 
of rupture of some are at interfaces in rock and soil that nark subtle changes in moisture 
content, leadiing, and alterationf ebereas thm position of rupture in others is due to a 
combination of factors — slope angle, physical character of the slide mass, and intensity 
of earthquake shaking. Rotational slides are cu-nong those that typically lack a controlling 
structvure at the plane of rupture (except fcr those that have been reactivated) and in- 
volve blodcs that rotate about an axis parallel to the hillside. Rotation is due to nosteot 
iipsrted fay gravity, vtaersby the blade tends to aove domiMard because of its weiffht and 
outward toward a free face. A curving surface of rupture is a resultant of these combined 
aoveaients. Degree of saturation and flow of water at the slide site, including seepage 
fOCOSf SHqf influence position and curvature of the surface of rupture. Earthquakes may 
trigger zotaxy slides when the transitoKy shear stress due to seiaaic loading acts in • 
direction that increases the nosMnt about the axis of rotation. 

Translatory slides, in contrast to rotary siides, occur in materials having horizontal 
planes of weakness that control failure or that deform plastically or fay liquefaction. 
MovsMnt at the head of sons translatory slides is rotatiooai, so that one or sore slu«p 
blocks fermr the heads of ether translatexy slides are narked by graben over a fewa d ropped 

wedge, as shown in Figure 1. Most known translator^' block qli;. during earthquakes have 
taken place along bluffs with extensive horizontal or near-horizontal surfaces in back and 
in front of them (idriss and Seed, 1966, p. 2) . The slide blocks involve naterial in and 
behind the bluff, which slides forward over the land surface in front of the bluff. Lat*- 
eral movement is due to the thrust of slump blocks and downdropped wedges of naterial at 
the head of the slide and within the slide, as well as failure by landspreading and flow. 
Translatory slide blocks such as those at Anchorage, Alas)ia, triggered by the 1964 earth- 
quake, probsbly novs outsiaEd along a layer of sensitive day or water-saturated fine- 
grained sediment that had been liquefied fay cyclic loading during the earthquake <Kanaen, 

1965, p. A65) . 

Dry flows (Figure 1) nay form during an earthquake either as a direct result of the 
trensitoty Increase in shear stvaaa, by destruction of coherence because of cyclic loading, 
or by transformation of a fall or slide to high-speed flow or avalaaoe, nany of which have 
air layer lubrication. Unconsolidated silt and sand, which have little shear strength, 

are the materials most subject to flow because of increased stress. Cyclic loading of 
fairly ooberant fine-grained porous aaterials such as loess or dry mdflows, which are 
ccsBBnly stable in vertical cliffs, nay destroy their coherenoe by eeuslng eellivse of the 

skeletal franework, so that a flow will form on any slope having an Inclination greater 
than the angle of repose of the newly formed noncoherent, material. Falls of these same 
■aterials may be pulverized i^n impact and develop into flows. High-speed avalances may 
novo on cushions of entrapp*^ coapressed air or contain entrafped air that keeps particles 
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D— truetiva LandaXid— During BartlwMafco 



Falls . • Hpdcfalls md aollfalla (rigure 1) ar« frequent and widespread during eartli* 

quakes affecting mountainous terrain, parti-:^ularly ;;1 arl .=itf>fl r<rir.<ir.. Most fjUs are 
small, ranging from a few m.^ to a few hundreds m.^, but la£9«t talis containing mil- 
lions of m.^ of material bava ocenmd. Falls generally consist at massas of rock or 
aoil that break aMay fooai « ataap algpm or cliff along a plana of weakness rnodh as a 
bedding plane, fault, or joint, on ataap hilleidea the fall nay diange to a debrie 
slide (Figure 4) , or if large enough, an avalancc (Figure 6) . Also, reck fragnvents 
from a fall, as well as isolated boulders dislodged during the earthquake, tuiable and 
bounce down steep hillsides, killing people and animals in tl^eir ^aths, and crashing 
througb buildings. During the 1970 Peru earthquake, auoh rockfalla cauaad thousands 
of injuries and deatiia to people and livaatoek, and dastrt^lon of far* buildings In 
the high Andes of northern Peru, an area where steep hillsides have been extensively 
farmstd sinc« px«i-Caluiabian times. In contrast, the great number of rockfalls during 
the Alaska earthquake of 1964 caussd eoavsrstlvaly llttls J—gs bacauss they oo- 
onrrad chiefly in unpopulated areas. 

During the Alaska earthquake of 1964 and the rf;tu earthquake of 1970 several high- 
speed avalanches were generated by rockfalls. These falls were large, probably having 
volumes of more than a idllion m.^ of material, and vertleal drops of at least several 
hwdrad oetan. Ibe Huascaran debris, avalanche (Figure 6), the aoat dsstructive land- 
slide of historic time, originated by fall of a slab of granodiorlte and Ice from 

the near-vertical west face of the north peak of Kevados jiuascaran. This slab was 
estimated to contain more than 25 million m. ^ of material, being approximately 800 m. 
wide and 1»OQO m. looiy (Brleksen and others* 1970« p. 7-8) . Ihs avsrage vertical 
fall of the slab* taken as the vertical drop at its oantar, was tbent 600 a. 

slides . - On the basis of mechanics of novement, two typos of slides can be recognized* 

one in which the slide mass is relatively little deformed and the other in which it 
is greatly defonsed (Vsmss* 1958* p. 23*24) . Slwps and blodc glides CHgnraa 3 and 

3) are typical of the undeformed slides, and debris slides and failure by lateral 
epreadlng are examples of deformed slides. In this report, slides are divided into 
tihree tyy os on the banis of inclination and form or the plane of rupture aii follows : 
1) rotational, 2) inclined planar, and 3) translatory. Inclined planar slides are by 
far the aost frequent of tiasse types* sad together witik rockfalls and soil falls make 
qp aost of the elides that are triggered by nartbguskss. coqparativaly few rotational 
and translatory elides occur during any given earthquake, but because they tend to 

occur in unstable material in areas of low relief, which also may be sites of towns 

and cities in mountainous areas and bordering coastal regions, they may be major 
eansee of destsuetton. 

Slumps and translatory slides tend to occur in terrain of gentle relief underlain 
by unstable bedrock or unconsolidated sedin«nts. They tend to be largo, cortmonly in- 
volving tens to hundreds of thousands or even millions of m.^ of material. They may 
break and nove either es eeeentially a single unit fPignree 3 end 7) * as aeveral seg- 
ments (Figors 2), as many segments (lateral spreading) (Figure 3), or deform by incip- 
ient flow (landspreading) . As also shown in these figures, a flow, slide, or v^pttettet 
ridge nay form at the toe of the slide. Earthquake- triggered slides Of thSSa QfPSB 
coitmonly occur in areeis where scus of earlier slides can be seen. 

Slumps and translatory slides triggered during earthquakes in the Nestsm Heai- 
sphere during the past two decades caused extensive damage to cities, notably to 
coastal cities during the 1960 Chile earthquake, tiie 1964 Alaska earthquake, and the 
1970 Peru earthquake. Thay also caussd damage to transportation routes (Chile and 
Alaska earlJiquafces) , and dasawd atreans to f»sa tanyoraiy Iskas that had to ba 
drained (Chile and Peru earthquakes) . A sub^pieous sluap on a delta at Kenai Irfdce, 
Alaska, caused destructive waves to form in the lake. The sequence of conditions at 
the sito of the slide is shown in Figure 9. As can be seen in the figure, tl-.e slump 
caused a wave to wash over the area back of the main scarp. This wave and another 
tiiat swept over Ois opposlta lakeataore, a distance of about loo a., each attained a 
aaaism height of 10 aetesn ebeve aeoail lake level (NcCullodi, 1966* p. AS) . 
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Inclined planar slides that arc most frequent durir.g f-arthquakes are debris 
slides on steep hillsides in unconsolidated regolith aiid in weathered rock. Such 
slides originate as failure of a thin slab of surface material axong a flat to gently 
curved mwctaem. On ataeip •Iqp**, the novinf a&tsrial gensraOIy 1 ocowoD a debds 
alida tiiat moves Oimmtri atray froa the aourea ax«a. tmpmiMMg upon Oie type of Ma- 
terial involved, movener.t be:;Qrifjs loss and less on more; gentle slopes, to a point 
where the slide remains essentially in place, being nxarked only by fracturing and 
aMll aoil alipa. 

Debria alldea, %M.ch may occur by the Hiousands tering aarthquakaa, along with 

falls are among the most numerous but snallest of earthquake-triggered landslides. 
Most involve not more than a few tens to a few thousands of m.-' of material, but they 
may be so numereuB on a om a hillsides that it ia alaost inpossible to distingulA in- 
dividual slides. As in the case of rockfalls and debris falls, debris slides cause 
damage to farm and isolated small communities. An unusual type of damage by debris 
slides, which occurred durinu the 1970 Peru earthquake, was destruction of fields and 
trails in steeply inclined areas by sliding of thin soil to eiq^se underlying freah 
bedrock. Wot only were faxalands destroyed but the oaostructlon of now trails eexoaa 
the ncwly-oxp'OseJ hiedrock was prohibitively exisensive; in some ■re<ii fazm boildlngs 
and lands tfidt were not otherwise dax»ged had to be abandoned. 

Ooavaratively rare debrie elides are thoaa cauaed by atxrfaoe faulting. Figure 
10 riiowB the development of tlw scaip of a reverse fault tiiat moved during the 1964 

Alaska earthquake, and caused many slides to break awsy fzaa the hillside on tiie 19- 

tlirown block of the fault. 

Flows . - Although flows of one type or another (Figure 1) are triggered by earthguakes, 
most are small and cause relatively little damage, the major exceptions are dabris 

avalanches, which are potentially among the most destructive of all laridslides. As 
haa btaen noted, flows occur in both dry and wet or water-saturated material. The most 
noteO^le earthquake- triggered dry flows %irere the loess flows during tiM 1920 earthquake 
of Kansu Province, China, where loess banks failed, and a fluid mass of dry powder 
filled valleys and burled villages (Close and McCormick, 1922) . Plows of wet material 
rcunge from the relatively viscous earth flow that m<Tves only short distances (Figure 
5} to debria and midflows, which are highly fluid meisses that may travel for tens of 
kilometers. 

Debris avalemches, which start ^|S either wet or dry material, may become dabris 
flows if they move into a ci.annel having a flcfumg str<i>an, as happened to an avalanche 
near Carac (Figure 11) during the 1970 Peru earthquake and to the Huascaran av<danche 
as it flawed into the Santa River (Figure 6). Most eerthquake^generated floww origi- 
nate by llquefacticn of water-saturated niaterial under cyclic loading (see p. 111-57), 
Liquiilaction of bogs and swattps result in earth flows and mxidflows during earthquakes. 
At least two major nudfiowa and many small earth flowe originated in tiiia maiy during 
the 1970 Peru earthquake. 

Some submarine slides may be due to liquefaction cf fine-grained material, as 
occurred at the port oi Valdes: during the 1964 Alaska <>ar tiiquaXu , causing total de- 
struction of the dock facilities (Figure 12). This slide, described by Coulter and 
Nigliaocio (1966) I involved about 75 millioa m.^ of waUr-saturated silt and sand. 
Failon was «udd«n» taking plaoa «hortly after tJM earthguaka tramora were first felt, 
ifatt slide caused fosmation of destructive vater waves as ouch as 10 m. high. 

Subagueous flows cauaed fay Ugnef action of water-saturated sediaenta are probably 
nueb more cooaion than generally recognized. Undoubtedly « su^ flows occurred at other 
localities during the 1964 Alaska earthguake, and they probably took place along the 

south Chile coast during the 1960 earthquake. Large submarine flows did not occur 
during the 1970 Peru earthquake, but small submarine flows probably did occur in areas 
affected fay laadspreading, notably along the beyahoxe of the ooaatal city of Chiatoeta. 
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JkvalandiM «m amoving masses of <iT th aBfesrlais that attain sufficient ipeed to 
■owe by flow ratlwr than ehMr. Jhmf occur frequently during ••rttq^akos* ganornlly 
originating a* falls or slldn on slopos steep enough and with snf fieiont vertical 

drop for the moviny mass to attain a velocity necessary to transfom it into a flow. 
Thus, avalanches nay be either dry or wet and consist of rock, soil, ice, or snow, 
or a oonblnatlon thereof. 

In areas of glaciers or regions of heavy winter enows, eartihqaalee-trlggered ice 

and snow avalanches may bo numerous and widespread. Although such avalar.chos aro 
potential earthquake hazards, they generally do not cause daaage because raost are con- 
fined to uniidiablted ics and snowfields, or flow into ^araoly inhabited valleys be- 
low. Such was the ease of dosens to hundreds of snow and ice avalanches during the 
•arthquakae in Alaska (1964) and Fern (1970) , where large areas are covered with 
gleelers and snowfields. 

liarge hl^-speed avalandtas are mco9 tlw aost me-iaqpirlng petantlally aoat 
deetzuotlve of all tafpee of lendslides. Thegr axe generally triggered hy huge falls 
or elides of todk, on the order of nlllloAS of m.' ninlmtn, on steep to vertical 

slopes where vertical drops are on the order of hundreds of meters. They may attain 

speeds of several hundred knt/hr., and aove for several Uloneters outward over gently 
undulating to near^horiaontal terrain at the base of stee^p ■ounteln elcpoe. At hl^ 
speed the avalanche tends to entrap air which is coiopressed into a cushion on which 
the avalanche overrides irregularities in terrain or even ridges without causing si^ 

nificant nodif ication of their form.. Observers have reported such avalanchos as 
being accoqpanied by strong turbulent blasts of air (Plafker and others, 1971, p. 



'Hie largest and most destructive avalanche of historical tines was the Huascaran, 
a rockfall avalanche that occurred during the 1970 Peru earthquake (Ericksen and 
Others, 1970i Plafker and others, 1971). This avalanche probably involved aioxe than 
SO ■llllon of rock and loei daring Ite t r aj ectory over a horlaontal distance of 
14.5 km and a vertical descent of about 3,000 m., it attained naxiimun velocities of 
more than 400 kn/hr. The avalJtnche obliterated the Andean city of Yungay and nearby 
small settic-mc-nts and fasM over a» area of ahewt 99 eq, Ian, oeweing the de«tdi of 
more than 18,000 people. 
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Figure 4. - Block diagram of a debris slide in which 
failure took place along the contact between soil and 
bedrock. From Varnes (1958, pi. 1). 
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Figure 6. - Oblique aerial view of the Santa Valley 
and snow-covered Cordillera Bl.mca showing the 
Huascaran rockfall avalanche that devestated the 
Yongay-Ranrahirca area during the 1970 Peru earthquake. 
Photograph by Servicio AerofoLograf ico Nacional del 
Perd, June 13, 1970. 
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Figure 7. - Rotational slide at Re. , Peru; arrows mark main scarp that has 
a maximum height of 3m, and upthrust ridge that dammed Rio Santa. 
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Figure 10. - Diagrams illustrating fault movement and 
landslide development along the Patton Bay fault, a 
reverse fault on which displacement took place during the 

1964 Alaska earthquake. From Plafker (^967, fig. 17) 



I I 1-69 



Digitized by Google 




Figure 11. Huge ancient rotational landslide (R) in the Callejon 
de Huaylas, east side of Santa River, 2-3 m north of CarSz. This 
slide, which is 5 km long and averages 1 km wide, deumned the 
Santa River to form a lake in which was deposited a thick segment 
of silts eind sands (SS) now exposed in river banks. Head of slide, 
outlined by dashed line, shows no evidence of movement during 1970 
earthquake. Also shown is large landslide (LS) , triggered by the 
1970 earthquake, which developed into a fluid debris flow in small 
tributary valley (V); debris slide (light-colored scars) also 
were triggered by the 1970 earthquake. 
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Figure 12. - Submarine slide that destroyed dock facilities 
at Valdez, Alaska, during 1964 earthquake; water saturated 
sllty and sandy delta deposits liquefied under cyclic 
loading due to earthquake accelerations. From Coulter 
and Migllacclo (1966, fig. 4). 
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T" t-hc ric -jr Ir.r.j ficl3, thC' Gval--:at:Dn of the' dynarni-: charfacteristice of 

su^ls a.-.d iCwidatxor. sub'^i adui. ujii> bfctin rt-^Uitfed in Llit- couxae of stadying vibra- 
tional problems and especially problems associated with earthquake on (irioorin<j . 

The (^nanic characteristics of soils have, therefore, been obtained by laboratory 
tests, using a rttsonsnt ooXuan nsthod. Thsss tssts wsrs oonduetsA to cvalunts 
the shear loodulus and the dasviag chazactezisticy in dry and saturated speclnens 

ot various soils in Japdn. 

The hollow cylindrical samples tested irare 25 en. in height, 10 cb. outside 
diaaster, and can. inside dimeter. This arrangaaant pezidtted a mre unifOtn 

deformation of the sairple cross-soction. The specimens were fixed at the bottom, 
and at the tc^ of the specimens oscillators were fastened to a rigid mass, which 
supply a torsional vibrational force to the system. A confining pressure, which 
was at^lied equally to the outside and inside of the test saivle, was supplied 
by air pressure, ta asial load was eleo i^lied, and was indapandant of tiie eonr 
fining pzessuzo in order to produoe an anlsotzqpic atross condition. 

After the sample was prepared and all proper alignments and forces imposed, 
the frequency of the torsional excitation was introduced and then varied until 
the oscillator speela«n systesi resonated. The resonant frequency varied fron 40 
cps to 100 cps, depending upon the dimensions and density of the sample and the 
applied stress condition and the shearing strain amplitude. The strain amplitude 
varied from 5 x 10~^ to 5 x 10~^ for these tests. Ttie stiSar aoduli were calcu- 
lated from the resonant frequencies and the other paranetere* as given above. 
Ttks daoiiing characteristics wen obtained by using tlie aqplitude-tlne deeiqr 
sponse corves of the free vibrations. 
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In the triaxlal state of stresB« the aean principal stress, p, ia defined 
by (o^ + 2 o^)/3 and the fleviator stress, q, i« glvwi ^ ^ - «» <*• axial 

and radial stresses, respectively. The test CWttltS iindicata t£a following 
trends for the dynamic prc^rties of soil*} 

(1) Under constant values of the other paraTseters, the shear moduli vary 
with 1/2 power of t ^^'■'^ ducruitics witii <ui increase In the void ratio 
anA shearing strain anplitude. Furthermore, the darpinq capacity de- 
cxeasas with an incraasa in p and alao incraaaea «rith an incraaaa of 
stxaln aaplltttde. momvr, tbm daipino opacity reaains oonatant ir* 
respoctive of the diango la tbm void ratio* idion tha othar paramtara 
renain constant. 

(2) When tha value of p ia kept oonatant, the ahaar aodali ara nearly oon- 
atant irraapeetlve of tiio value of q until the atrasa ratio, q/p, 

reaches a value of about l.C. However, beyond this value of q/p, the 
shear moduli begin to decrease with an increase in q/p. This phenom- 
anon is doe to the aniaotropic stroaa condition and the corxttapendlng 
aniaotrqpgr ia the inner etructore of speciBens. 

Kay WOrdst Dampingj damping coeti^cients} ahear aiadulua) aoil} testa; 
toraional excitation. 
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INTRDDUCnON 



In civil engineering field, the evaluation of the defonutional characterlsties 

of soils and foundation subgrades has been required for vibraticr.al , robloms, cipecidilly 
tos those problems associated with the earthquake response of strucLuies. In order to ob- 
tain such information, relative to dynamics of soils, elastic wave laeasureroents at field 
locations or laisoratoxy testa using siiic>le shear ai>paratue of triaxial apparatus have been 
oondueted. However, the shearing strain joplltudes in the soil atraetures end «dl>grade 

during strong o^r thgjr-.k.r rr tirr.s ii,: ■= produced magnitudes of values 10"' to 10~* of strain. 
It is, however, ditticuit to evaluate the deformational citaracteristics of soils at these 
■agnitodee using ovdinary aethods. 

Therefore, in order to obtain the shear nadulus and dasping daaractarlstics of soils 

subjected to such magnitudes of shear strain, a special resonant column test has been de- 
signed and used to test dry and saturated speciiaex^s o£ various soils. This paper presents 
the reqittlxed inetrianaaitation and initial use of the resonant ooluan test tipparatus. 



JUVJWMOS 

The general ig^paretus and procedure used to evaluate the moduli of soil spedaSDS in 
the laboratory hy BBans of a vibrational awtbod was ecmoeived by Zida (1) . Hoeeiver* the 
detailed equipnent i4iid) can control the stress conditions and the magnitudes of the shear- 
ing strain was developed by Hardin et al (2) . The principal of the apparatus, shown in 
the following figures, is the same as Hardin's apparatus. The schematic diagram and photo- 
graph of the aiiparatos is shown in Figures 1 and 3. Figure 3 shows thm gsnsral stress 
condition on the test sarple . The hollow cylindrical specimens that were tested were 25 ca 
in height and had a 10 cm outside diameter and 6 cm inside diameter. This arrangement per» 
mitted a more uniform deformation of the cross-section. The specimens were fixed at the 
bottom, and at the top of the specimens oscillators were faBtened to a rigid mass, whi^ 
supply a torsional vibrational force to the system. The confining pressure, which was ap- 
plied equally to the outside and inside of the sanples, was supplied hy aid pressure. Ihs 
axial load was Intzodueed indipendant of the confining presaure ill order to pxodnes tbs 
anieotzople stveee condition sisdlar to the --stress condition in the horisontal ground. 

The quantities that were Measured during a steady state vibration test were the reso> 
naat fxecpenqf of tlie o«ciU«to«-«pecinsia syststif the vibration aiftlltude at the top of 
the speeisMn, the length and voloae change of the speciaien, the confining pressure, and 
the axial load. Also, the amplitude time decay curves were recorded by shutting off the 
driving power. Prcn all of these data, the shearing strain ju^litudes, the shear moduli, 
and tiie logaiAtiiBLe decruMints «exe calculated fbr lAe various soils testsd, as will be 
described in the following sections. 



PRZNCIPIX or TESTING 

Shear Strain Anglitude 

the shear stxain in a saqple is denoted by y, end is equal toi 

V = ^ = ^<g' °> (red.) (1) 

3X 3x 

where u(x, t) le the displacement, e (x, t) is the angular displacenwnt in radians, x is 
the axial cocrdinate, a.id r is tne riiial coordinate as shown ir: Figure 4. the configura- 
tion of the specimen and the large mass at tha top, produce linear deformations and accord- 
ingly a unifona ^lear strain condition over the entire luigth of the q>ecimen. Furthexaorer 
the shear strain in a horizontal section can be avzeseed in tens of the radius equal to 
a value of 4 a« Aoeordingly, the ehearing strain 'in tiie speclsea is r«!pressntsd as* 

Y = - 6 (rad.) (!> 
where i is the length of epecisien (en) . 
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Shear Modulus 



Thtt shMT-atXAiA eurvas of the sand specimens, loaded axially, yield the relationships 
■hovm In Flours 5 and «Aiere the hysteretic curve has sharp points. In the case of hyste- 

retic daraping, such a;; oc'j-.ira m tiinda, the U near apprcKimatlcn can be usud to nodcl its dis- 
sipative behavior and to sinplify the (^namic problana. Iha aatarial constants of sands 
will b» daflaad asr 

G « Equivalent shear modul 
n ■ HyBt«zetic dapping coafficient « AN/2«tf 
W - Strain mexgy (ahomi in Figure 5) 
AW « Daaping energy (ahown in Figure S) 

For an aqulvalant linear isotropic onterial having the sane values of G and as given 

above, a more useful notation is in the form of a complex modulus, as shown in Figure 6. 
In this form t and y are the shear stress and strain in coqplex notation^ and G and G' are 
the eeapXes ooeffieients. flteot strees^strain relation is eiqpresaed as 

T - (G + iG')Y (3) 

The hysteretic loop o£ such a ilnear materialt excited by steady vibrational force, is 
•tMh «* dwMn in Figure 7 and has no diarp point*. Ds£Uilng tlie strain energy v «nd daap- 
ing energy AW, as given in Figure 7, then the hysteretic danping ooeffieient i) can be re- 
lated to the complex nodulus G and G' as 

n - GV26 (4) 
, the wave pcepagetion egioation Cor the shear ease isi 

p3u_ = St. (5) 

it^ ax 



lAexe p is the densitjr and u is the dlsplaossient orthogonal to the pn^agation dire(±ian. 

Then, substituting Equations fl) , (3), and (4) into Equation (5) gives the wave nuetion 
for linear isotropic material used in the resonant coluam tests, and isi 

2 2 
14 - G(l + i 2n)iL| (6) 

at* 9x* 

The analytical sol'^tion of this equation for the r,odel shown ir, Figure 4 is not as simple 
as the one given by Hardin (3) euid Hardin and Music (2) . Under steady state vibration, 
the ihear aMdulus 6 is e function of the density and the dinensions of Uis s«iples# the 
appeuratus constants, and the resonant frequency. Thus, in order to obtain a value of G* 
an interative procedure using an electronic conputer weis required. 

Damping Coefficients 

By setting tb* eysten into a stse^etnte Cercad vibretion end then dnatting off the 
driving power, the levari thsde deenuMnte, At was obtained. Froai the logarittatio daec*- 

ments, the hysteretic damping coefficient ^, which does not depend upon sjunple's dinen- 
sions and boundary owuiitiona, was obtained. For the free vibration of the nodel, shown 
in Figure 4* «e can assuDS a solution of 1^ forai 

9 - A(x)e^<«^ - (7) 

«(here Jl(x} is the mode of defomation, u,^ is the natural circular frequency of the system 
and X la the attenuation faotor with reapeot to tine. 8id)atituting B^uatloa (7) into 
Bg^atlon (6) giveei 

X - t-1 ♦ ✓! ♦ (ati)* 1 « Wn" (8) 
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Ihen., relating the logoritliDie daeronant to tbe Jiyetexetlc daniplng ooeffloient aa 

At - X i.' 2 irn (9) 

Mow using Equation (9) , the hysteretic daoping coefficient n can be obtained by measuring 
tiie logarithmic decreinent. Furthermore* it is worthwhile to note that the logaritfaaic 
dacreHBOt depends only on the danping characteriatics of the sanpla and does not depend 
Upon aaapla*a diwnalona aor boundary conditions providing the hysteretic damping coeffi- 
cient n of saicle Material does not vary witlt tha ftequaney of the foroad vibration. 



TBSVZN6 NBTHODS 

Two kinds of sands, Toyoura-aand and Sankanyaaa aand« whoaa pliyaioal proipartiaa axe 

shown in Table 1 were tested. 

TaMa 1 
Physical Properties of Sanda 

Toyoura-sand 2.641 0.12 wm 0.145 1.21 0.993 0.686 

SenoeivaM^Band 2.695 0.16 O.iB 2.37 0.961 0.484 



Toyoura-sartt! has a uniform cradation with round particles and is used as the standard 
Baiid for testing in Japan. Sengenyana-sand from Sengenyama near Tokyo is considered well 
graded. The resonant column tests were conducted on sanples having various void ratios* 
For tha Toyonra-sand, air-dried and saturated saqplas were pr^ared and subjected to 
atcaas ratios (a^/o^) a^oal to 0.5 and 1.0. Ihe 8engeiqriBa-saad« in Which only aiv-dried 
specivens were tested, the strsss ratio (03/01) was set equal to 1.0. 

After applying the confining pressure and the axial load to the sample, tho stress 
condition that will be designated as (o^) and (oi) was leapt constant and the vibratory 
shear strain aaplitude was tiien ineraaaed above 5 « 10"^ to about 2 x 10~*. Both tiw 

shear modulus and Icgarithmic decrantr.t was i-feasured at various values of shear strain am- 
plitude . Then, another stress condition was i.i^posed and tiie abo'.'ti aientioned procedures 
ware r<jp'jat'jd. [ igure B describes the test results obtained from one of the Toyoura-sand 
sables. The tent p is the principal stress denoted by 1/3 (0^ * 3a ^ and a ia tha void 
ratio r which all^tly dianqas valua daring consolidation. In one sanple, it would be iar 
possible to control all the values of the shear strain air.plitude, stress condition, and 
void ratio. It is, therefore, nectissary to convert the measured values of G into the 
values of the predetermined magnitudes of p, y, and e. Hovrever, Hardin et al showed Utat 
the experiawntal G aquation for ottawa-sand, for a strain y " lO"^* is equal toj 

G - 697 <2.17 - e)^ pO.5 (10) 

1 + e 

where G is the shoar modulus ()cg/cm^) , p is the naan principal stress (kg/cm^) , and e is 
th« void ratio. The exact values of a fox strain y ■ 10~^ and 10~^ were first obtained. 
Than 6 was cosputcd using Equation (10) , where the nean void ratio value of the tested 

sainple waa used (e = 0.81). The change of the G values using this procedure varied by 
only a few percent. The values of G and p were then plotted on a full-log graph, aa shown 
in Figure 9» then tbB values of <S for p • 0.5, 1, 2, 3, 4, and 6 kg/ea? ware obtained. 



neiUkHic CKMuicraxi«;ncs op sands 
affects of Shear Strain J>wplitade on Shear Modulus 



Figures 10 throu^ 13 Mow the af fOeta tha ehaar atxaia asplituda has on tha shear 
Modulua. The ratioa of 6 to {G}y « 10**^, i.e. , (shear nodulus at y " 10~^> anA 
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strain amplitude, are plotte'.l on a somi-log 71-aph. It was found thiat g/ g)y ■ 10"^ v . 
Y curves ware not affectsd by changes in void ratio, principal stress ratio, and typ*s of 
scinds. tiowttver, when the mean principal stirus 1« of a greater nagnituia, the g/»Y ■ 10"* 
ratio dacraaaoa with an iocraaaa ia y . it was also found that In these tastSf the varia- 
tion ^ tiw shoar ■odttltts with rihnar attain a^litoda Is snaller than the values given in 
a chart Mida by Saad and Idriss (5>, even when p la as low aa 0.5 kg/ea^. 

gffocts of the Maan grinciiHil Stgeaa on the ahaar Wadulus 

Xn all of tbm tests « the shear aoduloa varied with the 1/2 power e£ tha moan principal 
stress, designated as p, as shown in Plgnrae 9, 14, 15, and 16. 



Bf fOcts of the atrees Batio on Shear Hodulua 



Figures 17 and 18 show the effects of the stress ratio on tlie slicar .TrL^Julua wh«ii the. 
■ean principal stress is a constant for air-dried Toyoura-sand. It can bu seen that the 
atrass ratio has little effect on the shear nodulus under a constant velue o£ p within a 
eertaltt range of atreee ratio, i.e. 0^/3. - o.S, 1.0. this is the aana trend as noted by 
Hardin and Block (4) . To examine the effects when the ranye of tlie stress ratio was 
greater, one test was conductal where the stress ratio was increased to failure under a 
constant value of p • <3 kg/cBi'). The rssolts are shown in Figure 19, «bere the stress 
ratio is denoted hy 

^a-*^r 

q/b - <11) 

1/3 (oa + 2 0^) 

This figure shows that shear Sttdoli are nearly constant, irrespective of the variation 
of stress ratio* q/p, until q/p readisa a valos of 1.0, i.e. {0^/0^) - 0.4 . However, he- 
yond this value of atreaa ratio, the ehear modulus begins to dacraaaa witJi an inereasa in 

the stress ratio. This phenononon is due to the anisotropic inner Structure Of the ^eoi- 
nen which is caused by the anisotropic stress condition. 



Effects of the VOid Batio on the Shear Modulus 



All Uie data that was obtained is sumnarized in F^gijre 20, where the shear xc-duli and 

void ratios are plotted on a semi-log plot for the values of p • 1 and 6 kg/cm^ for Y " 
KT*, As noted In Figure 20, it was found that all the data obtained agreed with Eguation 
(10) Ssr T * lior*, in the range of Ojf^i ■ 0.5 to 1.0. 

laoarithsilc Dacrenants 

AS stated previously, the danping efharaeteristiee of the naterial tested ean be re- 
presented by the logarithmic decrements of the system when the mechanism of damping in 
soils is one of hysteretic dissipation of energy. Figure 21 shows a typical vibration- 
decay curve, and by plotting each of the amplitudes againat number of cycles on a sf^ni-Iog 
plot, M given in Figure 22, the logarithmic decrements ware obtained, in Figures 23 and 
24, the logarithnio deerenents are shown for the sengenyaon and Toyoura sands, respectively. 
In each case, it was found that the Icgaritlimic decrements increased with an increase in 
the shear strain amplitude and with a decrease in the confining pressure. It was also 
noted that the values were independent of the void ratios. It has been dieim fay Hardin 
(3) that the leg daereawnt eiveriaental equation tafcea the toxmt 

At • 2n i_ -0-5 (IJI 

10 

for the range ot y = 10'^ to 10~^, and p - 0.244 to 1.46 kg/CH^. ueing Sguation (12), the 
log decrement &t » 0.1, for values o£ ^ ~ 10~^ and p - 1 kg/cn^. Now esanination of Fig> 
ure 23 for the Sengenyama-sand tt - 0.17 and in Figure 24 tor Toyoura-aand, At ■ 0.11, thus 
it My be stated thet the eiverlaisntal valuea will take the form of Bcpiation (12) . 
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(1) The resonant colunn ^paratus that has been developed provides a rest effective tedh- 
nique in «VKluating the shear modulus and dainping characteristics cf so::.ir. . 

(2) The test results on ssnples of Toyours-s«nd and Sengenyams-sand indicate that Equation 
(10) fits the eaperinantal results for Y - 10~* and in thm range of stress ratio 

^'j/'. = ^ ."^ - 1.0. However, when the stress ratio {J j/c ^) is -nailer than O.S« the 

shear d^icreases with a decreasing value of stress latiQ ('^^/^j^). 

<3} The logarithmic decrements obtained were in the range of &t « 0.1 - 0.2 for Y «• 10~^ 
and p - 1 kg/cB . 
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PRBDiciioH or matxMM maaaam nnsHsiTiBs 

FOB TBB aw WWaiCXSCO BKt 10610* 



by 



Bogar O. Boxehardt 
Jims r. Gibbs 



Of fio* of Barthtpirts StuOlM 
0.8. Gaologicsl Survay 



The intensity data for the California earthquake of April 18, 1906, are 
Strongly dependent on distance from the zone of surface faulting and the geo- 
logiesl ^laracter of the ground. Considering only those sites (approximatAly 
OM sqiuam oLtg block in sise) Cor irtiicli ttwx« i« good ovidmc* foe tib* 4«gztt* 
of wecibad tnttnsity, the enpirieal xolatioti dsxlvad botwo w 1906 IntaasitloB 
and distanos fint 761 aitaa mdaclaiii by xodkm of tin Prmctooan Poi— tioii Is 

intanalty • 2,30 - 1.90 log (Uatanctt) . 

Vor on othmr g*olo9lc unit* Intonalty iner«Mnts, darivad wltdi r — poet 

to this eaipirical relation, correlate strongly with the Average Horizontal Spoo* 
tral Ai^plif ications (AHSA) datermlned tmm 99 thxM-coiqpoiwnt recordings of 
ground notion geoettttod by nuclear mploaioM In Mwrada. flte msultlnff empiri- 
cal ralatioa is 

xatanaitar laora—nt > 0.27 4- 2.70 I09' • 

aaaultliig amraige intensity increments for various geologic units are -0.29 for 
graaltOf 0.19 foK Vraneiacan ForMtion, 0.64 for othar pir*>4tatiMcy« Vartiasy 
badrodc, 0.82 fbar Sa»ta Clam Fonaatlen, 1.34 for oldar Bay ■cdiiaanta, 3.43 for 

Younger Bay mud. These empirical relations have been used to delineate areas 
in the San Francisco Bay region of potentially high intensity from future earth- 
quakas 00 altlwr tho San tadraas fault or tbm Higfward fault. 



Key HDCdSt Barthquakai anpirical relation; Franciaoan Fonationi geologiosl 
charaotart gzouod ahakingi intaoaity. 
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The amounts of damage resulting from tlie cjreat Califcrniii eartiiquake of April 18, 1906« 

varied graatly for different areas in the San Francisco Bay region. In aoM areew the 
daaags wtm WMR with 'ooeaslonal fatll of diimwys and daaa^e to plaafear, partitions, pludb- 

ing, and the like," in other nearby areas the dama-jt' w-->c VTOLErrrT with "... fairly general 
collapse of brick and frame structures when not unusually strong..," (Wood, 1908) . These 
large variations iirere due in part to the geological character of the ground and to the 
distance £ron the cone o£ aurfaoe faulting (congpare the intensi^ OMkp for the city of San 
Piandsco (Pigura 1) witA tha geologic nap (Flgura 3) ) . 

Comparative ground motion mecisurements made for 99 sites in the San Francisco Bay 
region (Gibbs and Borcherdt, 1974) show that a strong correlation exists between amplitude 
lavals of obaarwad gcomd shaking and tb« typo of geologic unit. Die puxposes of this 
p«Vor aieot 

1) To quantify the relationship between distance and the observed 1906 earthquake 
Intansltlas for m particular beAcodc unit* and 

2) So sliaw tlio oxlstanos of a xolatlonstoip betwson Intansli^ and the oaaaurod ground 
■Dtlon ■qplifications. 

These relatlomAlllM permit a quantitative estimate of the dependence of Idia observed 1906 
Intansitias oa tlw goological charaetor of the ground, such estimates are useful fOr do- 
Unaaftlaf axaaa of potoittlally high iatsnsity fron futura earthquakes on oitbor tho San 
JlndEoas fault or tiae Haapward fault. 



The 1906 earthquake intensities ascribed site.q on tlie sarp.e geologic unit generally 
decrease with increasing distance from the zone of surface faulting (Lawson, 1908) . 10 
quantify this apparont zolatiaashlp, tha 1906 intmsity data for the San Prancisco Bay 
region were reconsidered on a slte-by-site basis. The intensity data from only those sites 
(approximately one square city block in size) for which ^liorc was qood evidence for the degree 
of ascribed intensity were considered. For each site underlain by rocks of the Franciscan 
Fonwtioaf the distanoe to the zone of surface faulting was aieaaured and plotted as a func- 
tion of ttw aaerihad 1906 aarthqnaka Intaaal^ (f Igura 3) . iSia rasultlog anplrlcal rola- 
tion« 



dataxnlnad by tha nsthod of least sqoaros, suggeats tiutt tha ascribed intensity values for 

sites on the Franciscan Formation generally decrease as the logarithm of increasing distance. 
The empirical relation shows that the intensity values decrease very rapidly with distance, 
with sites 3 km from the fault having obaorvad Intanaltlaa nora ttian two intensity units 
analler than thoaa at tha fault. 

The sites with the highest ascribed intensities ("A", 1906 San Francisco scale) are 
located within 0.7 km of the center of the zone of surface rupture. For most of these 
■Itaa, tha unit of IntMB^l^ was assigned on tha basis of ovldence for some forra of ground 

fallnra aoat of whidi ww aaaodatad with surface faulting. The dagcae o£ intensity as- 
signed to wMt of the other sites et greeter distances frosi the fault was based on danage 

resulting from groiand shaking or ground shaking induced ground failures. To quantify the 
dependence of the intensities due only to shaking on distaunce, another empirical relation 
was deterained with the intenalty data near the fault omitted. The resulting empirical 
relation la aaaantially tha aana aa tha one detaxnined fzon tha cooplata data set. (intan- 
altlaa psadleted by either relation differ by leaa than 0.02.) This sindlarity suggests 
that the dependence of intensity on distance is not influenced by the intensity data near 
the fault due to surface faulting. For eiqplicitnesa only the relation determined fron the 
oenplata data sat will be rafarxad to haraaftar. 



IWIBMSXTY vs. USntNCB 



Intenalty ■ 2.30 4- 1.90 log (Dlatanca), 



zii-ds 




IMTENSm VS. MUStnaSD LON-SVlniN MPLZFICmONS 



iMcordlngs of three coopoiients of ground notion generated by distant nuclear e]q>lo- 
sions have been made at 99 sites in the ."an Francisco Bay region (Figure 2) (Borcherdt, 
1970} Gibbs and Borcherdt, 1974} . Sp«ctral amplification curves computed froai these re- 
QOxdings show that low-strain ground motions of certain frequeneiea are asplified conaid- 
erably by thick sections of nnconaolidatad alluvial deposits. Averages of the spectral 
aqpli£ic«tian aims owr tin* fraqusncy band for which ttisvs is a good signal to noise 
ratio eomlata strongly with the typs of geologle deposit. 

To conpare the low-strain amplifications with the observed 1906 intensity data, in- 
tensity increnents were defined for each of the recording sites as the difference between 
the observed intensity at the site and that predicted by the en^irical relation for sites 
at the sane distance on the Franciscan rornation. The;-o ir.tc-nsitiy iricrcnonts are plotted 
as a function of tb« corresponding Average Horizontal Spectral Amplification (AUSA) values 
(Figure 4) . (Ihe MSA valoes plotted have been nomalisad fay the average AHSA value da~ 
termined for sites on the Franciscan Formation.) Einpirical relations were determined using 
the method of least squares from the con^ilete data set (".") and from only the data (" ") 
for sites in the city of San Francisco for which there was "unequivocal evidence" for the 
degree of ascribed 1906 intensity. The two eispirical relations are sinilar with intensity 
inersnents predicted by either relation differing by less than tso-tentiiB. The e^lrloal 
r^^iation = 0.27 2.70 log (AHSA)} based on only ttie good intensity data in tiie city 

of iiar. Frar-jisco is preferred. 

The correlation coefficient of 0.95 cotqputed for the preferred eni>irical relation 
(<I ■ .27 * 2.70 log (AHSA)) shows that a strong correlation sxists betitem the aaa|Ntted 

inter.sity iMcret>:-r,t-3 ar.-3 trie -inpli ficiticr.s observec! at low-strain levels. TVie physical 
neanir.g of this ^t-iricai corr^^laticr. conjiex and does riot necessarily mean that anpli- 
fications observed at low-strain levels can be extrapolated directly to hl^-Straln levels. 
However, there are two possible reasons for this oorrelation: 

1) For levels of ground shaking that did not cause ground failure, the higher an^li- 
fications indicate those sites that ejqperienced the higher levels of ground shak- 
ingt and 

2) For levels of gzoond shsSclog that did induce ground failure, this higher aaplifloa- 
tioos indicate those sites that were nest snseaptible to ground failure. 

In either case, the sites of higher ajiplirication weald havs ssperlsneed greater SMMntS 
of damage and be assigned higher degrees of intensity. 



?ault studies (Wesson et al., 1974) indicate a liigh potential for large (sMgnitude, 
7.6-B.3) eartltquakes on both l^ San Andreas fault and tte Hayward fault In the San Fran- 
cisco Bay region. Hi ;^t.r_iri rally, lart;o car tLquaiccs have cccurre<3 along both faults. Due 
to a lack of cultural dev6iop.T.ent at the tiir.en of thu eartii^uakes , tl-.e intensity data for 
an earthquake on the Hayward fault is very scanty and there are several presently developed 
areas with no 1906 intensi^ data. However, the empirical relation between the 1906 in- 
tensity inexenents and the JlKSA values neasuzed fzoa the nuolear data provide a noans for 
assigning intensities to tiiaoe areas. 

Using the enpirical relation between intensity incremtnts and the AHSA values, inten- 
sity inereaants were predicted for each of the 99 sites at which aqplif ication values have 
been measured fron the nuclear explosions. The predicted intensity inersBents «ere grouped 

accurdirif^ to tr;c- type- of underlying geologic unit fsee Br^rcherdt, 1970, for a description 
of tne viniti,) . Tr.c cieaiiii and atoiidard deviations for the various samples are tatulated 
(Tdblo 1). The mean increments for the various units range from -0.29 for granite to 2.43 
for Younger Bay mud. These mean intensity increments provide a quantitative estinata of 
jtJie dependence of the 1906 earth^ialee intansitiea en the geologleal dieracter of the 
ground. 



PREDICTION OF MAXiMUIJ EAKTtiQUAJ^E INTiiKiilllES 



1X1-86 




utilizing the computed average intensity increnents for the various geologic units, 
the enfiirical relation between intensity and distance, and a geologic »ap (coa|>iled by K.R. 
IsJOtAf personal conrmunitcation) , Borcherdt and Gibbs (1974) predicted absolute intensities 
on a saglonal basis for the Ssn rrsaoisoo Bagr csgion. Ihs xssultiag pcsdletsd Intaasity 
nap (Boretasxdt mi &tlam,- 19741 shows tlis naadwm Intsasit^ predietsd for a site that aight 

result from an earthquake in the San Francisco Bay region on either the ^.-ah ,\r . ,13 faulfc 
or the Hayward fault. Such a map is useful for delineating general earthquake problem 
areas in the S^n Francisco Bay region and for svaluatlng the earttiquake hasazd In areas not 
developed at the time of the 1906 earthquake. Xtt addition, the map is useful for evaluat* 
ing the hazard due to another large earthquake on the Hayward fault. The map shorn that 
•Tthfinslro hwwrds «rs not unlfocBly distributed tiarooglioat the asm Vrancisoo Bay region. 

1. Borcherdt, R.D. (1970) . Effects of Local Geology on Greand Notien Near San Franeioeo 
Bagr* Bull, seisn. soc. Mi., 60, 39-61. 

2. Borcherdt, P.D., and j.F. Gibbs (1974). Maxlsnai Predicted Bertbqnaks Iiiteaaitgr M^p 

for the San Frar.cisca bay Region, in press. 

3. Gihbs, J.F., and R.D. Bordierdt (1974). Effects of I«cal Geology on Ground Motion 
- Near saa yrsaeisee Bay—A OBtttinuatien, in press. 

4. Lawson, A.D. ((3iaini>an) (1908) . The California Earthquake of April 18, 1906, Report 
of the state Earthtnsilte rrtswlssicn, Gaxaegle ustittifce of Waahingt»n, Ft*l. 87, 

I, o.c. 



.5» Wesson, R.L. , CM. Wentworth, R.D. Brown, Jr., E.J. Helley, and K.R. Lajoie. A Pre- 
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STATISTICS FOR SAMPLES OF LOW-STRAIN AMPLIFICATIONS AND INTENSITY INCREMENTS 
WITH RBSPKI TO 



Geologic Unit 



branite 

Franciscan 
ForMtlom 

PM-T«rtiaxy , 

Tertiaxy 

Bedrock* 

Santa Clar* 
Foriaation 

Olter My 
sadimBitts 

Younger 
Bay Nad 



Average Horizontal 
Spectral Aa^lif ication 

Standard 
Maan OawlatlgA 



O.bi 



1.00 



1.42 



0.11 



0.38 



0.45 



1,70 0.64 
2.W 1.1« 
7.06 3.78 



Intensity Tncremant 
(1906 San Francisco Scale) 



Standard 
DaviatlMi 

0.21 



-0.29 



0.19 



0.64 



0.47 



0.34 



0.62 0.48 
1.34 0.5B 
3.43 0.58 
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Figure 1. 
rigun 2. 



Figure 4 



Hap shoving distribution of apparent 1906 intensities for the city of San Fran- 
ctMO, CUlfoniia (after llbod, 1908) . 

MV Aowing distiUNition of geologic imitB for ttie el^ of San Fmnolaoo* Call- 
fbmla (oonpilad K.IU L^oia fMai data of Sddodtar and othaxa> . 

Observed 1906 intaaaltlaa fur aitaa (oaa aqoare city block in sIm) underlain 
by rocks of the Franciscan Fomstion versos peqpendicular distance from the 
zone of surface rupture during the 1906 eartliquake. Tor sites with "unequivo- 
cal evidence" in the city of San Francisco (Map No. 19, Lawson, 1909) , the 
nunber of observed intensity values is shown below the corresponding distance 
Interval. Par aitaa iataraaetad by an "aaaaiaad souta* aoutii of tlw ol^ of 
San Francisco (Maps No. 21 and 22, Lawson, 1908) , the nurfcer of observed inten- 
sities is shown above the correponding distance interval. The observed 1906 
intensities are eiqpressed in terms of the 1906 San Francisco intensity scale 
with the letters A-8 oorresponding respectively to the nunbers 4-0 (see Appen- 
dix 1 fur datailad daaorlption of inteitalty aoala) . 

Increments in 1906 intensities versus average spectral an^lification cooputed 
at corresponding altas from racocdltiga of nuclear explosions. Both the inten- 
alty iacxaaent vaLuaa and tha avataga q^ctral aapllficatioa valwa aara ceat> 
pntad idtb respect to tiia oorraapondlag avaraga yttXat dataiwlwad for aitaa 
andarlatn tgr rodta of Hm FraneiacaR fuMtion. 
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YOUNGER BAY MUD (IN PLACES COVERED BY ARTIFICIAL FiLL 
AS OF 1906) 

ALLUVIUM •*- OTHER SEDIMENT ( > 100 FEET THICK } 



ALLUVIUM * OTHER SEDIMENT f 0 - 100 PEET THICK ) 



t'\'i\ BEDROCK 



3 KM 
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SAN FBAMCISCO APPABENT IMTEMSITY SCALE 



The follwing grades of apparent intensity were ascribed by H.O. Wood (1908, pp. 224- 
22S) in the ci^ o£ San Francisco to describe damage which resulted iron the California 
earthquake of Jl^il 18, 1906. 



Grade A. Very Violent - Conprlses Vbm rending and shearincr of rode wwees, earth, 

turfr af^d all structures along the line of faulting; the fall of rock from 
■ountain sides; numerous landslips of great magnitude; consistent, deep, 
aod axtandad flaauring in natural earthy sone ctmetures totally dastzoyed. 

Grade B. Vielent - Cooprises fairly general collapse of bride and frame buildings 

when not unusually strong; serious cracking of brick work and masonry in 
excellent structures; the formation of fissures, step faults, sharp com- 
pressiaa ailtieliiies , and broad, wave-like folds in paved and asphalt-coated 
streets, aeooapanled by the ragged flssuring of asphalt) the deatmctloB of 
foundation walls and underpinning structures by the undulation of tiie 
ground; the breaking of sewors and water-ir.ains; the lateral displacement of 
Streets; and the compression, distension, and lateral waving or displace- 
■ant of well-ballaatod streetear tsadts. 

Grade C. Very strong - Comprises brick work and m5isonry badly cradced, with oocasi<Hwl 
collapt^e; Some brick and nasoar-/ goblt-s Uiro'«m down; frame buildings lurched 
or listed on fair or weak underpinning structures, with occasional falling 
froa undarpliiaiaf or oollvaoy ^aaaral daatructioB of diianeya and of 
ry, bride or oanmt vaaaarsi oonsldarable cracking or exushin^ of 
walls. 

Grade O. strong - Coniprises general but not universal fall of chimneys j cracks in 
■aaoiuty and brick workf eradea in feondatiea walla* ratataliig walla, and 

curbing; a few isolated cases of lurching or liatllig of frame buildings 

built upon weak underpinning structures. 

Grade G. Weak - Coiqprises occasional fall of chimneys and damage to plaster, parti- 

tioDB, plwddng, and tite lUca. 
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A STAIISTXCAL APPROACH TO U3ADIHG AND FAILURE OS STRUaTOHBS 



by 



Ronald G. Merritt 



U.S. ikrv COMtzuction BnginMrlng ItoMardi Ulaoratary 



A fundamental problem of structural anglnaering is the examlriatlon and 
selection of loading criteria. It is inperative that any solution to the prob- 
lem center around a rationale that relatas infomatlon available on loading to 
selected criteria. Such available information is generally in the form of data. 
It is the purpose of this brief paper to eibstract the problem and outline pre- 
llainaxy worlc on ft rationale for aMreaslng tlM piroblam. 

TiM paper begins by defining tiie general nature of the problm. solution 

to the problem is related to consideration of available Information in the form 
of data. The next three sections of the paper discuss the initial stages of a 
rationale for consistent examination and selection of loading criteria. The 
first of tb« sections exaaines available inforiMtloo on stnictwral load and the 
seeeod eaaninfts available inftonoation on instances of structural failure, classes 

of statistical methods are discussed in the third section. This rr-rtinn also in- 
cludes discussion of a proposed method £or assessing the overdli mtormation con- 
tent of the available data. Finally, several illustrative examples of application 
of statistical astbods to load and failure data are presented and the paper con- 
eludes witb a diseusslon of future extension to this prsHwinary work. 



Ksy WMCdas Failure; probability tbsoryi randoM prooaasi safest statistical 
analysis; Structural anginaering. 
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Bxanliaatlan ■od ■•Iscticn of loading cxltsria InvolviB tiw oonsldaratloii of « atata- 

raent s with quantifiers tiiat nlate wiablM uaaftal In daaexlptlan of tha load, lliia war 

be written generally as 

(1) StC - c(t, r, a) 

for 

S ■■ Loading edtocla •tntanant 
C ■ load fanetlon 
t = Time vector 
z ■ fl^aea vaetoz 
a - Paraaatias vaotor 

lha atataaant S haa a qnantlfiar tSia load fenetloa C iiliidi la aapvaaaibla in tazaa of tiM, 

space and a finite set of parameters. The expression is general enough to allow for sdv> 
eral cocoponents of time, space, and parameters, as denoted by the vector notation. The 
pKOblM MV now ba stated in tazaa of aonlnatian of tlm validitjf of 8* 

Validity of S is Qsually established through sqm stfttjectlva and abjective evaluation 

of available infonnatlon related to S. In order to be consistent in this evaluation of 
information, a rationale for carrying out this evaluation must be set forth. The prellmi- 
nary outline of the rationale proposed in this paper centers upon a means of aseessing 
available infoxnatioa related to S tay use of statiatioal tac^inigwa, oocxalating this in- 
formation and obtaining quantitative faetoxa 190a irtileb the vall&ty or invalidity of S 
may be established. Tn a real sense this rationale, In part, already exists in that sta- 
tistical interpretation of collected data is conunonplace in examination of load data. The 
discussion to follow extends this rationale. However, it is important to note here that 

"all" available inforoatioa is to be exaalned in avaluating the validity or Invalidl^ of 
6. Vhia inolvdaa oonaidaratioa of load infenMitloa for ona. But in addition, atnoa tha 

invalidity of S tacitly implies possibility of structural failure because of load, one must 
also consider structural failure information. It is the general nature of these sets of 
information that pzovidaa tha boaia for tiiia pEttlialnazy work on davalogaant of tha ra- 
tionale. 



LOAD lUFORMATIOM 

Load information is obtaiaad In a quantity tented a datum. Sudi datua may be in a 
raw foza or In a ooawxy foca. Tha raw foza ODRalata ^ tibo wmt baaic ukit and raaulta 
from direct quantization of the phaooaBDon ttudar cbflarvatioD. Iha SHaazy iwem xaaulta 

from & transformation o£ raw data. 

qpon oollaction of data on loading* a.g.* wind loading* it bacaaa ai>paxent that soim 
way of daaaifying individual placaa of daton would naed to ba davalopad. Onoe claaaifiod* 

then groups of datum within any one designated category could be examined for consiBtency 
euid thexr relatioaship to the pcoiX>sed loading criteria. The discussion to follow defines 
the datum classification system and the example in Section VI illuatxataa a|ppliOBtion of 
a atatiatlcal tacbnique to a piece of datum within tha ayatam. 

The requirernents on a load data classification system are very basic. First, a single 
piece of datum must be recognized as such in the systesi and second, a piece of datum must 
ba classifiable within the system. In order to facilitate this a "generalised random pro- 
oaaa"* L, is defined wheaa "aa^le funotiona" conaist of plaoea of datua described by a 
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■•t ot fwwtwa r«Ut»4 to tha load ghwie— non (1) ibis is Mt Hsily a^cMaad u 



L(t« r, 7) - {l(t, r, i) I ta, ren, a a) 

where 

L(t, 7, a) = Generalised xandon pocoaeas 
l(t# r , a> ■ A ^aoa of datum 

t - TiM selatad daaetiption of tb« datoi 

T " Tiaie indexing set 

r " space related description of the datum 
ft " S^aea Indexing aet 

a » VaciMtar xalatad daaezlption of the datun 

A " Faraaeter indeadng aet. 

It ia aaaoaad that every piece of datum related to a load phenomenon beloigs to Lit, r , a) 
and that eadb piece of datiaii ia miqaaly defined through an ordered triple of veetoca 
(t, r, a)* 

The- advantages of such a neans of class^i f^^lng data by evaluation of t, r, and a are 
readily apparent. First, m evaluation of t, r, and a datum sets arc established within 
L(t, r, a) that relate similar information about the load_phena^enon under investigation. 
Seoondf oozrelatloa of iaforaation through evaluation of t« r* and a allom one to aaaeaa 
the overall infmcoHitian content of the available data. Ifiitd, ready avalnatlon of data 

within a given datu.ii set is possible and links amongst datum sets provide a key to links 
aaongst data within different datum sets. Finally, this approach lends itself well to 
either the synthesis approach or the analytical approach to criteria selection. In tfia 
qpnthesls approaoh, all data ia structured into a description of the load phano— aon and 
criteria are eeleoted tram tills dascrlptioa. in the analytical ivproa^. Hie datna ia 
checked against the proposed criteria for consistency and s^l -tion of criteria ia baaed 
iipon this check, in either case, the pertinent datum is easily identified. 

A total of tiren^-tMO per— et era that anat be evaluated for each piece of datun iMxe 

selected. Ihe twenty-two parameters may be divided into five groups. Brief mention of 

these five groups will suffice for the present discussion. The first group consisting of 
two parameters uniquely identifies the piece of datum. The second group consisting of 
five Parana tmrs Idmtlfles the datnt fay defining Hie overall lead p he ncna no n p repe rt iea, 

e.g. static, deterministic, stationeurity, its source, its spatial extent. The third group 
consisting o£ eight parameters describes the piece of datum in terms of the time history 

informtion available. The fourth group consisting of five ; aiameters describes the datUBI 

in terns of the apectzal infoxitation available. Finally < the fifth groi^ of paranetera 
eonaiating of two pcurameters gives a brief nerrative deeeriptlon of the pieee of datm 
along with a aonroa refiunaaee* 

This general acheme ot datum referencing pemitb a cotijiistont oxanination of strilC- 
tural load data. Extensions to this general scheme will be discussed in the last section 
of tilia piyper. 



'Numbers in parentheses denote refecenoes. 
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STRUCTURAL FAILURE iflFORilATION 



tRie consideration of data on instances of structural failurs in tha pralininary 
staqes of de^lopsMtt has pzovidad for soom mat intazasting idaaa on structuring of dat« 

frcn di'/ori-L- and cort^.lox phenomenon. In thfe case of structural load data, the content of 
individual i.i'jces ot idtuBi was described in terns of a set of parameters and the raw or 
sumary form data lay within each of ttie random process sample functions_^ Data analysis 
was assuned to take place on a "level belotf" tiia datua atructnraBf L(t, r, a). Foe tha 
ease of structural failura» tha nature of tha available data and Infocnatlbn desired froa 
the data requires that the description of the datu^m, i.e., instance of structural failurCf 
be coDiplete enough for data analysis. That is, the analogous structural failure "gen*- 
eralized randoa process" should contain the available information concerning the structntttl 
failure. This appsoa^ to structural failure datua is the product of several oonsideEu- 
tlons. First, quantitative structural failure data is difficult to obtain since few In- 

stances of structural failure are instrumented. Second, unless the failure is controlled 
in some manner, quantitative data tends to be meaningless because of the con^lex load- 
response path that usoal^ describes the failure. Third, any oas ease of stmotural fail- 
ure is but one of many possible structural failures and it laay or mnr not riiaza pcepertieB 
in uuBBMiu with otlier cases of structural failure. Fourth, detailed quantitative data froai 
instnomentation of a structural failure would present a prohibitively high collection and 
reduction cost to information ratio. Finally, detailed reduction of quantitative data ob- 
tained during or after structural failure would tend to de-eavhasise the overall charac- 
teristics of the structural failure. Structural failure data was eoosidered in the folAow- 
ing way. 

It was hypothesized that structural failure may be considered a "generalized ramdoin 
process" (1) . niu8« it can be represented by an ejqpreesion 

S(t, r, a) ■• {s(t, r, a)} tcT, rcR, aCA) 

S(t, r, a) - Structuucal failure generedized random process 

s(t« r* a) • Structural failure sasvle foietlen 

t » Tlas vector 

T ■ Tias) indexing sat 

r ■ Spatial vector 

a - spatial indexing set 

a - Panoeter vector 

A • Paraaetar iadaning set. 

All instances of structural failure belong to S(t« r* a) and every failure is in S(t, r« a) 
either e^licitly through oolleoted data and pavaneter evaluation or iiiiplicitly in eases 
%Aere the structural failure Is unrecorded but the indexing sets are broad enough for de- 
scription. The proll'jrn of structural failure data structuring now becomes a natter of dc 
fining T, R, and A and evaluating t, r, and a from collected data on structural failure. 

Ultimately, forty-five parameters were considered adequate to define the structural 
failure random process, i.e., forty-five parameters were considered sufficient to describe 
any instance of structural failure. Obviously, only the overall gross characteristics of 
an instance of structural failure were considered appropriate for description and most 
pertinent to the overall rationale. 

rne forty- five parameters fall into nine major categories. For the sake of brevity, 
these nine major categories will be listed with a f^ cnuMnta regarding the paraaeters 
within each cacegoxy. 
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1. Identification - This category' includes inforraation on ths SOQSCe and infomtlon 
content of the structural failure data available. 

2. Structure Qiaracteristic Infomation - This catagory includaa «I1 infonution re- 
lat«<l to the stzuetUM that eaperLonoed th« failure, ttm datsa of oonatxuetloii 

and failure are recorded along with general structural, material, and functional 
cbaracteristica of the structure. The geometrical diiaensions of the structure 
aloQ9 with those of the failed portion of the stcuetiira are also secoxded. 

3. General Failure Description - tills category describee the came of the failure, 

the extent of the failure both in qualitative and quantitative terns, the nature 
of the failure in teras of progressive or nonprogressive characteristics, hori- 
zontal or vertical diaraeterietics* the total tine of the failure, and the stagaa 
of failure. 

4« Global Failure Description - For fai lares in which a major rjortion of the overall 
Structure has failed, the failure takes on a global nature. This is subsequently 
deecribod by tiirae paraatttezv naning elaaMnta of the atrueturea that failed, nodes 
of failure* and naterial ooaposin^ tiie failed elenents of the etructore. 

5k Local Failure Description - A failure of a structure may include a small portion 

of the overall structure in vtii<ii case the failure takes on a local nature. The 
sane three par— itege as for tlia. global failure description provide for the local 
failuxo description. 

6. Global Load Description • Loading on a structure that is over a large portion of 
the structure aqr be tened a gUbal load. It is described in tens of four 
paraaatera ineliidiiig idantifioatian,> gwieral diMnsiona, a general statonant. and 
aatinatad value if tliia ia available or able to be deduced. 

7. Local Load Description - Loading on a structure that is over a snail portion of 
the struieture nay be temad a local load. The aaae four paranaters as in the 
case of global load description describe the local load. 

8. Load-Failure Relationship - In nost instances of structural taiiure, t:here exist 
a genaral spatial relationehip betMeen load and failure. This relationship a«y 
be ei^Mcessed in terms of local load-local failure, global load-local failure* 
looal load-global failure, global load-global failure. This paraneter provides 
insight into the nature of the extent of the loading and th« carza(Vonding fail- 
use. 

9. General ?;tatemont - fhi-^ • sraneter group consisting of one paranator iS a 

general statenent accuc tiie taiiure and its cause. 

Here egain it is well to remind the reader tiwt structural failure does not relate well to 
phenosMnologicel description because of its cen«»lexity. The categories of paranaters and 

the parameters thtsmaolvea provide for an overall view of the_structural failure process. 
Given dat,a on structuxai failure, the paranoters of S{t, r, a) can be evaluated and 
S(tf r, a) better defined. The statistical jtcchni^ues to be discussed in the next section 
axe appii*d direcrtly to the paranaters of S(t, r, a). 

Extensions cf this sohsns fbr Structuring failure data will be discussed in the last 

section of this paper. 



BASIC OaNStDemTTONS FOR 8TATXSTZC1L MIUTSIS 

The nature of the problem under consj.deration and breadth of the field of statistics 
nako it possible to consider only a few topics in xnlating statistical aethods to the 
datwi within the franeworic of the load and failure generalised randon processes discussed 
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One of the first considerations in applying statistieiU. PMthods to data of the pro- 
cesses above is an enmi nation of tba way in irtiiA data is ■aaanxwd. Then aitiat four ao* 
eaptabla statistical data BeaBuraa by «bich ^ vsasurs of data is dafinad (2) (3) . Listad 

in order from least to most powerful they are as follows: nonlnal, ordinal, interval, and 
ratio. A brxef description of each is in order. The nowinal neasure applied to data im- 
plies the data nay be categorized according to a set of nutually exclusive conditioiw. 
The ordinal data staasure ^cpliad to data iaviias thaxa ajdsta an ocdar ralationship aHongBt 
piaoaa of tiia datio, Tba intaival data wmamvtm agpliMi to data IqpllM * ralatiOMhip of 
tiia totm 

*-y> 0,x-y-0,orx-y<0 

•xists batirean any two pieces of datcDB. The data is in some way commensurable. Finally, 

the ratio data .T«?asuro applied to data inplies numerical relationships for the datum are 
available and for y Q, x/y is a meaningful ejqpression between any two pieces of datum. 
The data is nunsrically cosMsnsMtitble. 

Mthough there are a nunnber of ways of dividing statistical methods into categories 
for purposes of this iiib>_- jaiii perhaps the categories distribution and distribution frea 
will suffice. Distribution related statistical methods, in genexal* correlate with in- 
stanoas in Whidi finite paraastar distribution functions may ba ntiliaod in tlia statistical 
analysis of the data. Distribution free related statist! (-:al methods, in general, correlate 
with instances in which lesser restrictions are imijosed upon conditions that mast be sat- 
isfied for application of the method to a given set of data. These statistical methods 
nay ba further subdivided into aethods oonoemed with point estimtes of paraaaters, oon- 
Cldenoe regions for paraaetersr or significance tests for paraneters. 

Ifj tiie iiiustrative examples to follow, distribution free statistical methods are ap- 
plied to both load data and failure data. In general, distribution related methods apply 
well to load data because of its tendency to be descxibable in terns of the ratio data 
aaasura and distribution fraa rslatad statlstioal Mtiiods apply mil to structural falluru 
data because of its tendency to be descrlbaible in tenos of data aeasures leas powerfiil than 

the ratio measure. 

In work to date enphasis has been placed on consideration of structural failure data. 
It has beoaae ii^rtant to consider categorical distribution fzee statistical techniques 

for use on parameters of the structural failure random process. Categorical techniques 
are most appIiccLblc because structural failure data is for the most part o£ a categorical 
nature. Distribution free techniques are most applicable because of the difficulty in 
determining ths distributions and their related paraaeters because of lack of large aoounts 
of data. 

It is fouTiO useful when considering the structural failure generalized random pruc;ess 
to construct a statistical netliod-process parameter matrix whereby statistical methods ap- 
plicable to given pcooess parsMters are correlated one to another. Table 1 below provides 
a segaamt of this aatrix. 

The construction of the matrix in Table i leads aaturaiiy to an asscssnent of the 
overall information content of a set of data based upon an evaluation of factors useful in 
defining the overall characteristics of a statistical aethod (4) . Table 2 lists factors 
ttsefta in evaluating the effectiveness of a statistical iMthod along with proposed weights 
for these factors. The overall information content of a set of data is dotc-rmined by as- 
sociating a set of statistical techniques with the data and proceeding to tabulate weight 
values for the various factoxs. A relative aaasure of infbrmation oootent aaaagst seta 
of data is obtained. 

There exist several major woa>.neti sos in the appro jch. rirst, not all statistical 
methods may be accurately evaluated in tsdrBui c£ tlicsc facLcra. Second, it presumes that 
one has selected an optimal set of statistical methods to operate on a given set of sta- 
tistical data. Ihird, it presunes that data infoxaation content is related to abstract 
■assures co ths statistiosl aetdiod independent of the data. Finally* it aseianee tiie 
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weighting factors are accurate and constant ever the ranges of statistical irietho-3s. Oven 
thou'jh these weaknosses exist, a matrix relating statistical method versus weighting factor 
provides a crude measure of the relctlw lofozMtlon oontBiit Of a Mt of data to nblcte tlw 
statistical method nag bm applx%d. 



ILLUSTRATIVE EXAMPLES 

The exaoiples in this section of the peper are illustrative in the sense that (a) they 
are not based upon all tlie data tliat is sivailable and (b) titey present a rather nev «^roa^ 

In the reduction of civil enrjinoering data. The first point is a result of the preliminary 
nature of this work and ability to reduce only a portion of the data available. The second 
point refers to the use of distribution free statistical techniques on cvtagorlcal data. 
2n general, aeasiirasiBnt distribution oriented statistical tadmiqim axe wsad on nvnarical 
data VBsalting fzQa a wall controlled experimnt. the results of tiie statistical analysis 
are then presented in soir.e concise form. Categorical distributicn free statistical tech- 
niques require d^ta to b« categorized and are often times related to a statistical hypoth- 
eais teat Nhlch may or may not be xelatod to a paranstar describing the datSf e.g., tread 
or randOMMSS of data aay b« mdex Investigation. 

It is also well to point cut that the conclusions drawn fron the illustrative exaJH)le 
may seem trivial, however, each exanple conclusion presents only a minute piece of infor- 
■stion ut en d ing that whidi is already known about the ease under investigation. Itaat is 

to say, the effectiveness in use of techniques in this way comes by way of construction 
of an overall view of the case by means of statistics. This implies application of many 
statistical techniques in .Tany diifoient w._iys to the data available. Fort'inatoly , once 
a data base has been constructed ai^ the statistical technitiues selected, this becoaes a 
ratiier siav>le and autassitic prooedure. 

Example 1. The firat illuatrativt: uJtaciijlc i-"u;.ut:ii.ij ctirrelation ol exturiiai wind 
pressure coeffic-iont wit)i :itructure configuration. Wind tunnel data given in Teible 
3 (5) relates the external wind pressure coefficient on four sides of a structure 
(fnx wind blowing at tvo different angles of incidence to a xefterenoe faoe of tiw 

structure. Figure 1) to the relative dimensions of the structure. A measure of the 
structure configuration is taken as the "relative volume" of the structure defined by 

V - hbVdnaxU, b, h})^. 

utilizing a variation of "pparrr^n ' s Rho test for a measurfi of correlation between V 

and the external pressure coefficient, the results of the rank correlation coefficient 
eoaputatlon axe shewn in Table 4. 

A few obeeraetione that may be made on the basis of tiiie single analysis are as 
foUowet 

(1) Positive correlation, i.e., large v associated with large Q>e, on walls 
denoted h, Ba = 0" and A', B', C a - 4S* and negative correlation, i.e., 
large V associated with ssnll qpe, on walls denoted C, 0 a • 0* and D' a > 

(2) A lower degree of correlation betgseain v end Cpe wben qpo is negative, 

(3) In the case of wall C, C, there is. a change in sign of OMWelation coeffi- 
elent with diange in angle of IneldeDce of wind, 

(4) nie ootrxelatlon betaieen V and C|pe is in no instanee very strong. 

Example 2. From some data available on failure of structures (6) , the cause of fail- 
ure of structures has been placed into one of sixteen categories, as presented iti 
Table 5. Table 5 also presents the empirical distribution of causes for some 88 cases 
of failure. In order to establish a distribution fenctlon for eause, attssi^te are 
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made to fit a u.-iitorm dletrlbution curve and am arbitrary distribution curve to th« 
data of Table 5. Tbm cbi-wmare goodiWM of fit test is utilLaed in both instanoM. 

A formal stateMDt of tfa* pxcbliM fbr tiM caae of mifboi dlatrlfafltioii Clttiiig 

is as foiioMs: 

i F(x) - F^(x) AU a. 

t P(x) |< F^(x) At laaat ona x 

uliare 

F^{x) is a uniform distribution over all values of x. 

Utilizing the chi-square goodness of fit test, is rejected at all meaningful levels 
of significance. This is not surprising fzam an >xa«ination of the data. In tha CM* 
Of m Mpirlcal distxibation fit to tha data of Table 5 again, a toumX atataiNBt of 
tlw easa is as folloMS: 

1 F(x) - F^U) All X 

Hj^ I F(x) y< r^(x) At laaat ons x 

vhera 

r^(x} Is an atbitrazy distxibation fteetlon ovar all valvaa of x 
given in Table 6. F^(x) is siailar to tlM diatcibittion fimotion 
for the nonaal distribution. 

utilizing the statistic 

J-1 «j 

and after ocasbining aa^etad fraqaaneias, eaiisos« and obsonratiens eoBsisteat with 
the statistical ■atfaod and oasgating T on tha basis of data in Table 6, one finds 

T " 5.6. 

The arbitrary eapirleal distribution fits the data well and is aeospted at tbm 

1001 level. It should be noted that combining of failure of structure caoses and 
observations infilies a transfomation of the original data. Care aust be exercised 
in intei^reting the eapirleal diatribation curve fit to the data. 

Example 3. The final illuatrati'M exssple exaninee the relationdilp betiieen load and 

failure in terns of the qualitative terms local and global. A 2 x 2 continuing t«ble 
made up of 86 pieces of datum is shown in Table 7 with a key for identification Of 

the variables emd their values. The hypothesis for McNemar test for significanoe Of 
change applied to the contingency table in Table 7 may be stated as follows: 

t F(X|^ - 0) - P(T^ - 0) All i 

t P(X^ •* 0) |( PtTj^ • 0) All 1 

or 

"o : P<Xi - 1) " Pt^i ° 1) All i 

H]^ : PiX^ - 1) F(Yj^ - 1) All i 
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In a physical sense in tlie first set of hypotheses, U states that the probabil- 
ity of a local leafl !• aqual to tha pnbability of a leeal fallora and tfaa iM9a« 

^ion of this for all observations of load and failure. in the f>econd set of hypoth- 
•BM stat«8 that the probability of a global load is equal to the probability of 
a global failure and }]-^ the negation of this for all observations of load and fail- 
ure. Application of the HcNenar test statistic rejects both hypotheses H- at the .001 
loval. It diould be notad ttMt in tiM mrma»r test £br aignifieanea^ ma. imiar con- 
sistency In tiia data mat ba asaiansd. This Is difficult to verify tot tiie data avail- 
able. 

The use of contingency tables fbr categorical data is an iaportant key to a oon- 
siatent i^pxoadh to aawaiaatioa of load and failure data. 



OOMCUISiaii 

Ifte tibove reptesenta a very prelindnazy ba>i« for a •tatistieal exsnination of tiie 

load and failure of structures and a rational approach to exanining available information 
related to loading criteria. The next stage in the development will insider construction 
of a data base of available data along witli establiahing a breadar groi^ of statistioal 

technique?;. This should If^'-I t-o i-h<» '">r i r?? r i on of mathCTati cal pattern language in the 
correlation of collected 'lata ar.a ti.u .ti^^zation of ac'propriate statistical techniques 
on the collected data. In addition, it is anticipated that more advanced uiathematical 
techniques* e.g., in the area of oombinatorial methods will be used for investigating gen- 
eral xelatiensbipe aaengat the diverse pieoaa of datnoi. 

The ideas expressed above form a basis for a rationade for the exaiainacion and selec- 
tion of load criteria. The rationale is based upon a consistent and thorough statistical 
analysis of available load data and failure data. Given the atatenent s representative 
of e etateiiant of load criteria, tiie validly of 8 is deduced feoa the eonslstant and 
thorough statistical analysis of all available data. Mark to data deseiibed above is a 
first step in the rationale development. 
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TABU 1 

STDorxsTiciu. Msnno - Fuum raocBss pmumbxbr mmx 



6 
7 

8 
9 



X 
X 

X 



X 
X 
X 



X 
X 



Pailun Paraafttar (PP) 

6 Dwieriptlve Vaum 

7 Construction Date 

8 Failure I>ate 

9 Stzuetural Charaotaxistles 



Statlatieal Matiied (SN) 

1 Blnoodiwl Mat 

2 Chl-Square Test for Goodness of Fit 

3 Wald-Hofowits Runs Teat 

4 onaatila Mat 



TMIB 2 

VACTORB FOR BVBUJIfflllG IliB BRBCIIVBHBSS Ot A S11SFI8TICKL MBIHOD NXEH VBIGKfS 



Statistical Data Neaaure (10) 

Nominal 2 

. Ordinal 4 
latttvml 

Ratio 10 

S^l» SlM 10 

Data Transfonatlon and testrictiona on Data Varaawtars 2 

Level of Computational Effort 2 

Kxtant of Oae of synnetry 2 

Sanaitlvlty of ixocadura to AMiaptiona 4 

PMoialon ifival (10) 

Exact 10 

Ttieoretlcal Approxioata 7 

Jodgaant Bapirieal 4 

Bf fielMiqr of Mtbod 10 

Oonalstaney of MaHiod 10 

sanaitlvlty of rzoeodnsa to Aaaonptiona and Diffiettlty 

la Varifsring Aaaaqptioaa 10 

Population Fropactiaa and X^ostanoa Mongst Othar Data Gkoiv* 5 
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TABLE 3 

STiDCnntKL CONFIGURATION AMD EXTERNAL PRESSURE COEPPXCXENV Cpm 

AT ANGLES OT INCIDENCE OF 0* AND 45' 











a ' 0" 






a = 


45* 


h:b:L 


V 


Ji 


B 


C 


D 


A* 


B' 


C* 


itia 


1.00000 


.» 


-.5 


-.6 


-.6 


.9 


-.5 


.5 




0.30000 


.» 


-.5 


-.7 


-.7 


.6 


-.5 


.4 


3. S3. 5 


0.30000 


.» 


-.5 


-.7 


-.7 


.6 


-.5 


.4 


2.5:2.5 


0.20000 


.9 


-.5 


-.8 


-.8 


.6 


-.5 


.4 


li4>4 


0.25000 


.9 








.5 


-.4 


.S 


lie tie 


0.03135 


.8 


-.5 


-.5 


-,5 


.5 


-.5 


.4 


3.5aa p 


0.16000 


.9 


-.6 


-.7 


-.7 


.5 


-.5 


.5 


3tlt2 


0.50000 


.9 








.6 


-.5 


.4 


1:2.4:12 


0. 106&7 


.9 


-.5 


-.6 


-.6 


.5 


-.6 


.4 


ItliS 


0.04000 


.9 


-.5 




-.6 


.5 


-.8 


.4 



TUtE 4 

RANK CORRELATION OOSFFICIEMT OF STRUCTURAL CGNFIGURATION 
JMD UnBJMRL PMKSSOIB OOBPFIdBIR 



VaviablM OodrMlAtion Goaf f iei«n« 

V-h .41 

V-» .32 

V-C -.25 

v-D -.as 

V-A* .36 

V-B* .61 

V-C' .42 

V^D" -.20 
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T»U 5 

mum <m smcnms cmisb (fxru sMPzioakL DisnaBorzoM 



railan Qf Stiudwre Canae 

12345670 

ObMXvations 

1 31 0 2 7 1 5 15 

tBgi Failure of stmeturA cause 

1 Unknown 

2 Structural 

3 Material 

4 Ponotional 

5 WorkiBAnship 

6 Stzuctural and Material 

7 Structural and Functional 

8 Structural and Moricnanebip 



9 10 11 13 13 14 15 16 
07 IS 05270 

9 Material and Functional 

10 Material and wcrlmaneWp 

11 Functional and wonAuatiahip 

12 Struetaralr Material and NWlaaaiiahip 

13 Structural, Functional and Workmanship 

14 Material, Funotiooal and Itorknanaliip 

15 Structural, Material and Nbrknaaaliip 

16 Structural, Material, Functional and 
Worknansliip 
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sNPnaoL DismiBunoH Ftmcnar mm Dmsm FONcnaN amd 





1 


IXreCXBD FRE 


BUBMCir OP 0 


OCUIMIMi 


MS FOR M - 88 CM 


i88 


X 






Bj - f^{x}li 


Failure of 
Stcuetuxift Cmvm» 


obMrvatlc 


1 


0.0005 


0.0005 


.004 




3 


0 


2 


0.0010 


0.0O05 


.004 




9 


0 


3 


0.0100 


0.0090 


.792 


7.040 


1 


1 


4 


0.0300 


0.0200 


1.760 




4 


2 


5 


0.0800 


0.0500 


4.400 




7 


S 


6 


0.1800 


0 . 1000 


8.800 




5 


7 


7 


0.3200 


0.1400 


12.320 




10 


7 


8 


0.5000 


o.iaoo 


15.840 




8 


15 


9 


0.6800 


0.1800 


15.850 




3 


21 


to 


0.8200 


0.1400 


12.320 




11 


IS 


11 


0.9200 


O.IOOO 


8.800 




IS 


7 


12 


0.9700 


0.0500 


4.400 




13 


5 


13 


0.9900 


0.0200 


1.7«0 




14 


2 


14 


0.9990 


0.0090 


.792 


7.040 


6 


1 


15 


0.9995 


0.0005 


.044 




12 


0 


16 


1.0000 


0.0005 


.044 




16 


0 



TABtS 7 

2x2 OQHTIllGaiiar fUOJt FOR LORD'FAXUIIIB RBLMI0M8IIXP 



Y =0 V = 1 



4 


33 


4 


45 



tJKjf; Load and Failma Typa 

LocdL load X - 0 Global Load X - 1 
Local Failora Y - 0 Global Fallnra T - 1 



lV-14 



cy Google 



h b 





1 •t 1 













T 

T 
i 



nGuy?C / STRUCTURAL CONFIGURATION FOR 
WIND Pf^SSURE COEFFICIENTS 



SmtHBTIC EX9BRIMBIITAL WBSKAKCH ON TBB DDCnunr OP SlOn RBlMFOilCBD 
OOMCTBIB COLUMNS UHGBfl XMHSB DBPISCTXOII 



by 



Head of the niird Division 

Buildinq Research Institute 
Ministry of Construction, Japan 

Hasaya Hirosawa 
Chl«f Resfjarcher of the Third Division 
Building Research Institute 
Ministry of Gonfttruction, Stapaa 



In general, short reinforced concrete columns will fail in a brittle manner. 
In order to create and eetabli^ bettor diietilitgr in eocA oolvnw, « •ynthetle 

research experimental progr2un has been conducted. This program consisted of the 
testing of 125 short colusan specimens, subjected to multi-cycles of flexure-shear 
loading*. The result tzom these tests indlceto the Cbllowlngi 

1) The ductility of •tmetural MHiiers is influencod fay ahenr, bondt and 
buckling of the eoMp r eeeioo bars. 

2) To prevent biicklinq ot compression reinforcement, \inder small cnrvatoTM , 
the spacing of the web reinforcement must be controlled. 

3} In order to prevent a shear failure of structural menbers within reason- 
able ductility, an effective set of restrictions on tike oniMnatiaB of 
axial force, tensile reinforcenent ratio, and shear span ratio are re- 
quired. 

4) The bond failures idii«h were observed in the test Mribers, where defotved 
bars %«ere used as axial reinforcement, eoneieted of bond-splitting of the 

cover concrete. The conventional method, which uses bond strength as an 
index to verify bond failure, is not effective for the bond-splitting 
failure node, it is, therefooee, neeesaary to restrict the tensile rein* 
forceaent ratio in order to prevent this type of bond failure. 

Key Words: Column; ductility,- earthquake; reinforced concrstol Shear teStS| 
Structural engineering; web reinforcement. 
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IMTHUUUCTXON 



In a country such as Japan, where severe oarthqu.'ikc-!^^ occur oftr-M, th* stxiietural 
■af«ty o£ buildings is governed largely by earthquake design criteria. 

Due to the results obtained from many Gtrcng motioti earthquakes and relative to re- 
sponse analyse;-: and earthquake damage observations, it has becone gradually clear that the 
actual influence cf eartliquakea on str^iCLures ii more severe than the simulated earthquake 
load which is designated in many countries as a design seismic force coefficiant. In fact« 
during the 1968 Vokaehi^Oicl «art]]qaakie* 8«v«r«l buildings* whidi had yield shear ooeffi- 
ciants greater than 0.5, were destroyed. 

m general, it is not practical to construct all buildings strong enough so they can 
resist severe sbodcs as controlled by their load-carrying capacities. However, it is pos- 
eiUe to oonstruot doetile buildings with i^pcopriate load>carrylng capacity and rigidity, 
which can survive severe abode. 

Reinforced concrete boildlngs oonstrueted in Japan are designed witit a seisnic shear 

coefficient of 0.2 or greater, however, the resulting ductility factors required to re- 
sist severe earthquake shocks does not seem excessively large. Therefore, a synthetic ex- 
perimental research project was initiated to datazBine how to wake zeinCorced concrete 
short columns ductile. 

This research was sponsored by the Ministry of Construction and a connnittee was thus 
orgeuiized to execute this project. This coomittee consists of members selected from vari- 
ous rsseardi organisations belonging to government, univereities, and private finos. 

In this r^ort, the failure sndes and the factors idiieh affect the ductility are dis- 
dusaed based on results of tests of 125 aipeciawns. 



OUTLIMS or EXFERIHEirr 

Objectlwe and Master Plan of Bicperiiient 

The objective of thin synthetic experimental research was to obtain quantitative de- 
sign criteria to insure that reinforced conc r ete oolwns are ductile. 

The moan unit axial conipressive stresses in the first story^collimns of reinforced con- 
crete buildings in Japan due to permanent load is about 40 kg/cm . Assming a value o£ 
0.4 as tiie yield ehear coefficient, the mean unit shearing stresses during a severe shodc 

are generally less than 20 kq/ctn^. The quantity of web reinforcement required to meet the 
above stress conditions will not cause construction difficulties during fabrication of the 
colwns. 

However, as eolvsms an the aost important of the various structural mnibers, it is 

preferable to keep them ductile even under the maximum shear force expected during severe 
earthquake shocks. The maximum shear force corresponds to the shear force that is present 
When the colim yields at both ends. 

Ihereltore, the eoslbinatians of tJie ratio of t«nsile rainforcaaant and shear span 

ratio were first selected SO that their maximum shear capacities did not become excessively 
large under constant axial load, which corresponded to a value of 40 kg/cm^. Next, the 
ceinfbrcing Stalls such as cjuantity, spacing shape of web reinforcement, and axial bar 
axrangaawnt were examined experimentally in order to induce a ductile condition. 

The standard shear span ratio that was adopted was ir.tantially amell and thus con- 
tradicts the charactaristics relative to a ductile condition. 
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oatlliw of le»t S<arie« and gpeci—M 



A. Variabl* Factor* 

Eased on the fast experimental and research results, the committee selected tan 
variables as those factors which effect ductility. These factors am ahOHII In Vabla 
1 and are liatad aa Fl tQ FlO. Xbm vmloaa and characteciatica of aoM of tiia vari- 
ablaa Aohd in nbla 1 wwa dataadiMd tmm peaviaua Sttvastifationa nhieh ware oon- 
duetad cm 'varioua axisting ralnforoad eenevata buildings. 

The selection of the standard siaa of cross-section, vm1> raiatoreaMnt ratio, 
loading byateraals and loading apparatus was than detarminadf as will now be daacribedi 

1) Seal* Effect 

Reliable data relative to the scale effects on concrete columns is scares. 
Mao* das to liaitation in budget and facilities* it is often iapractioal to 
conduct fiill-s'cale taata. Vfaaxatbra, tlie slaa of tliB watn tmmt. ovoaa aatillaA 
that was selected was 25 square cm. Also* a SOrieS Of 50 SqUBTS OB sactlOB* WB8 

tested to investigate the scale effect. 

2} NSb iteineoreemmt Ratio 

The method to be used for calculating a reasonable web reinforcement ratio, 
in order to obtain ductile columns, has to date not been established. Therefore, 
it was tentativsly dsdLdsd to use Arakaiwa*s slnisBM aquation to sat Htm standard 
web reinforcement ratio. This e:q)erimental equation detemines the ■tnisw ro- 
quired shear strength of reinforced concrete menibers vhen not sxibjected to an 
axial force. This equation is used as a basis for the regulations of A.I.J, 
coda for shear reinforcement. That is, one of the standard values of the web 
rainfecoHamt ratio waa teotativaly sat aa By. whldi oaa ba dbtalaad by si^ti- 
tuting ^e flexure capacity, c^a , equal to t£a shear force, given In Arakawa's 
minisna formula. Half of the value was alao adopted as part of the atandard. 

3) Loading Excursion 

Ofttil a rational dynamic method has been establishsd for astiaating the 
seismic properties of structural members, it is difficult to evalnte titese prop- 
erties from the results of special vibration tests. However, some standard 
static cyclic loading method must be adopted in the test program. Therefore, a 
■ulti-cgrelna altamata loading aaUiodf as ahaiin in Pigara 1* was adopted as a 
standard loading asoucalon. Vhio loading pattern was ■•locted for tlia following 
reasons: 

a) The ductili^ factors determined from a response analyses of medium 
height buildings during sovara (Aoefes is approsinataly tiiraa or four 
providing tbair stroogOt and rigidly is not aioassivsly snail. 

b) The number of acceleration responses which correspond to approxi- 
mately 80% of the mnxtmum haa bean reported to be of the order of 
ten. 

c) The structural characteristics Of members under alternate cyclic 

loading it constant defiaotlon is wsoally dataxmlnad within tan 
cycles of the loading. 

4} T<nad1ng Systaa 

In most past experiments, sitnplL b.-ajr, systems were used as the loading sys- 
tem for the structural meabers. However, this method is not acceptable for the 
Investigation of ths aaiamie behatvler of reinfbcoed cenerate colona baoansa of 
the following reasons t 
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a) When discussing she^r and bond problems in members, a restrained bean 
type is better thai sijiiple bean ^pe in simulating the real condition 
of colvnns in aotual bulldiiigs dadBfr ttaEtiiquaks* 

b) Botli «nda of tbm oolvm MCtioiw AottU IM kupt pwallftl and withMit 
inclination With rMip«et to Mdi othar to ■Inlato Htm aetMl ooiidl- 

tions . 

c) In discussing tho diarsoterlstics and offocts of largo dafteBatlom, 
It ia pvafartbla Oat ttm infliianoa of additional aflaont dna to oo- 
oantxie asial load be aasily aatiatttad. 

d) It Is prefantbla to liposa aany eyclaa o£ load ravaiaala and tiiat the 
davelapinig eraeka bm oasily otea enw d and reoorded. 

A new loading apparatus, as shown in Figure 2, was developed and was used 

to test the series of coluons. In order to discuss tbe influenca of the load- 
ing ayta — » two tast aarlas wsira aloo oondaetod on oontinqoaa twasa. 

B. Typical Series and Specimen Details 

On tbe basis of the pravious discussionSf it was decided that a Epical sarias 
ahould oonaiat of a total of fiftaan ^taciflMoa. Bach saxiaa was svMividad into 

types, dependent on the variables to be Investigated. For exanple, three specimens 
were a function o£ P^, two specimens were dependent on o , two specimens relative to 
H/QD, and two a funclion of h Hat of tba ^admns ralatlvs to a ^ioal aaxiaa 
ia shown in Table 2. 

In the other series, each connnon factor, for example, C or size of section, 
etc., was systematically varied. Figure 3 shows an exanple of the details of the 



To data, tan series, a total of 16S specimens, have bean testod, as detailed in 

Table 3. The results on the first seven series of these tests will be discussed in 
this report, in Figures 4a to 4d, the frequent distributions of P^, o , VQO, and 
p of tba 12S spaciMaa ata ahoMi wltb thair failax* aedaa and aatiaatad grada of 
dSetiUtlaa. 



OUTLINE CP IBST BBSULIS 

Failura Mode of Taatad Spaeiasaa 

The following will daaesiba tba typical failnsa aodaa tbat waxa obaarvad during tba 
tasting of thaaa apaciaaasi 

1) shear failure prior to or after flexure yielding (Notation of mode? S-SC, F-Sf', 
S'UT, S*ST, F-ST). This mode can be divided into shear tension failure including 
diagoBal ahaar tanaion failure and abaar oe^p r a a aion failura. 

2) Bond apllt failora prior' to or after flasora yielding (B>B, F*B). 

3) Coapression failure of concrete after flexure tensile yielding with or without 
ooapraaaloa atael budtling (f, t^C, F*C*Bi„) . 

classification of Ductilities 

When discussing the deflection abilities of structural neoftiers, the critical angle of 
rotation of the Mabera or the critical deflection ia eallad tbe ductility and is uaed as 
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In thla x«pect» tlw taat rasnlts wmn elMsifiad bg tiM duutilltlM, u dafinad In 
Tabltt 4. 

MilatlpttBhtp »>tw«n railura Wodaa and £»tl—tad Puctilitlaa 

Iha tMt raaulta of 12S •padawns were elaealfied by their failure nndaa, eatiaaited 

ductilities, and their interrelationships and frequencies, as sho%m in Figures 5a and 5b. 
Aa obsarvad in these figxizes, the most ductile failure node is type F<C followed by ^ypa 
SC. 

Many apedUaena failed in the type ST aode and type B nodef abldi indicated poor duo- 

tilities. Accordingly, one of the most important subjects then is to determine hoW tO 
prevent such brittle failures as revealed by failure mode types SC, ST, and B. 

the resulting shear force-deflection relationships, cradcing pattsntSr and deterioz'*- 
tiooa of the load-earryijig capacity of typical spaeiaaBB axe Shoaa in ri^paree 6, 7* and 8* . 



DZSODSSZOH CM VBSV RBSOLCS 

Steel Buckling 

Buckling of the coqpressive reinforceaent wm observed during testing of 32 specinens 
and failed ia type F*C aode. Ten of the apeelMns buckled witli « ductility fmetor eqqal 
to and thus caused deterioration of the load-bearing cspsottqf. Hie test vesolts of 
tiwse specinens indicate the followingi 

1) The length of steel which buckled, l^, was approximately l'v2 times the spacing 
of the inb relnfiDroeMntf 8. in the ease of ^iral hoops and wslded sviars 
hoopSf t|g was nearly aquel to 8. 

2) ftie slenderness ratio, , was calculated for each specimen assuming 1 = S. 
The relationship between A and the angle of rotation of the member at the 
boelcliiig load R waa detaaiined relnti've to tiioae ape pf wane which did not 
fail in bond or shear. Theae reaults indicate that when X ^ 34, the buck- 
ling load Rb„ ^ 1 ^/ _L homvar, when X is less than 34, steel buckling did 

100 50 

not commence until fairly large deformations occurred. 

3) Thus, when X ^ 34, the web reinfoeosMnt Spacing 8 £ 8f# Where 4 is tlie diaai- 

eter of the compression bar. 

4) In conclusion then, the spacing of web reinfozcaaent at a column end should be 
lass than eight tiaws the dlaaater of tlie aodsl bar zeiafbreaaMSt. 

Cdscussion on Shear Fad lure Mode 

During the testing of the specimens, 41 failed in shear prior to or after flexure 
yielding. Mineteea of the 41 apeeimeas failed in Shear oosprssslon, tan of tho sPMisaaa 
failsd due to diagoosl Shsar tansion and twelve failed In shear tension* 

Oonsldsrstion of the Oss of Arsksiws's V^tMOft 

Bs there are no quantitative equations Mhidi relate Hie dnetility of ■asbara to 

the web reinforcement ratio, the failure node cor- ^ ^f^ring AraJtawa'a formula was used. 
This equation was adopted as the basis for calculating the web reinforcement in the 

The relationship between the ebaerved ductility and the ratio of caleulated 

shear strength, ^ was studied in relationship to the calculated flexure strength* 

cQgg. The formulas that were used to calculate cQj^y^ and c^gy af^ given as Sq[uatioas 
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(1) and (2). All of the test results, with the exception of 52 specimens which 

failed due to bond-spli ttintj , are shov>-n in F-.yuie 9. \r. oi'^rTved from thic. fi'^ure, 

tha estinated ductility in which cQj^m^cQgu is greater than one are for cases A or 
8. MMn the r«tloa «ve l«ra tiwt one, tha Mtiaated dxietllity results are referenced 
to cases c or D» It should elso be noted that as incxeasaa, tbm ductility taads 

to become poor. 

; 0.0754 P^^-^^Cc'^B + 180) ■ - ^ , 

c^;^ - ^ * ♦ 2.7 /P„ • rf'wy J X I bd (1) 

H/Q + 0.12 9 



• 0.80(d - 21.5 ca), 0.72(d - 43 on) 

Pjaaonal Tension failure 

Initially^ the diagonal tension cradling load, Q^q, was inveeti^ated. itms, 

theoretical load value ic'^^y.^-) was -btainee! fcy assuming the principal tensile stress 
This stress was calculated at the center o£ the section, neglect- 
ing the appearance of other craoks* and the iafluenoe of the aicial bars. This re- 
sults in the following: 



l.S 

The ratio of test variable (VQgsc) * to the ealcolated values (<^q;^) for 23 spe- 
cimens, in which diagonal tension eradcs appeared/ varied fron 0.66 to 1.13 with an 

average value of 0.87: 

Next, the critical web reinforoenent, i^^tago} * calculated by assuning the 
Mtfi reinfoaeoasMnt oarxies the diagonal tanaionTmioh was initially carried by the 
ooocnte before the appearance of the crack. This results in tiie folloMing: 



P„ • (4) 
cos fi • s«wy 



where 



e - i tan-i(2 /<^t/a_ + (c'^t/ttj*) <4a) 



2 •» 

The values of (P,_^'P,_^ „) vs. i'^Qmax'^-'^irc'^ excl-^ding those test specimens whidi 
failed due to bond-splitting have been plotted, as shown in Figure 10. The terms 
TQ , 4^ >W r'*0»**nt the tested ■mImsb riiear strengths and the reinforcsMnt 
ratM# , zespsctively . 

It can be observed from this figure that the specimens, which have a value of 
greater than 0.8 times (cQg^) and (P^) and less than l^^t—J * <^ diagonal 

on failure mode. **' 



taiir< 



shear Tension Fed-lure 



The initial shear tension cracking load, (Osxc^* was first examined. The theo- 
retical value (cug^) was calculated by using the follming Somula, whidi wee de> 
rived assuning the ColloMlBgi 
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- VD * 0.75 * 0.293 Ic^ 
cQg^ - 0.S89 • c't . hO (5«) 
when Aj^ ^ 0.75 + 0.283 

OQ^ - {0.78 - 1.04 + /(0.78 - 1.04 A,^)^ 4- 0.694 k^^ )tF*^ bD (5b) 

Iks ratios of ^gxc' ^ ^^^sxc^ ^^'^ apaeiMaa In which shaar 

tanslon cra^ «ppaaral varlad txem 0.62 to 1.S9 with an a«ara9« valua of 0.91. 

The secnrl :rr;ticcil web rein tor cerricnt ratio, (P ), which is required to hava 
the specimens reach flexure strength after the appearaXca of a shear tension crackf 
vas datandnad from tlia folloHingt 



1.6 jxj^ • ■ rf^y 
j^^l.25 . 



Ns, — W 



- lZJ» & di - (te) 

* D * 0.85 c°8 



wlwra 



Ilia valoea of (^y/^wcv^ ^^ia2uc''°QsTC^ ' ^^^"^"9 t^Maa taat valnaa uliiah 

failod due to txmd-spTittxflg, are plotted In Figure II. 

As shown in this figure« there are many specimens which have values of (TQ^i^jj) 
9VBatar than (cQg^^) . It is also obSMved that tba spaclasns with a valua of (^I'Qg,^) 
graater than 0.8 danoostratad a shaar-taDsian failiixa noda whan (P^ waa laaa 

than (P„ ). 

shear Coagregaion Failure 



ahaar ooi^aasion failwa is yriaiarl ly cawaJ tay crwshlng of the concrata 
in the oei;>resBion sons, it Is xeasonidble to assow tiiat thwe Is a llodting degree 

of ductility that can be expected, even If the quantity of wab reinforcement is in- 
creased. The determination of this limitation is difficult to evaluate and was not 
poaaibla in this caport, aowaver* oartaia ttands hava baaa astablishad as will now 
ba dasczlbed. 

To achieve reasor.atly ductility, it is necessary to Tvaintain the intensity of 
tba axial stresses at the appropriate level. In general, the influence of the shear 
strass on ductility Is not ia^ortant. Therafora, tba distanoa ttam tha mratral asia 
to tlia axtzona oonpTCMiva fibar, I^^* san ba datacodnad by aaflaetlng tha ooapraaaion 

rainforoanant in tbm ooaprasalan aona and aaamin? tha ratio of tanaila principal 

stress to concrete tensile strength, i-^/c"^) is calculated assuming that all of shear 
force is carried only by the concrete in the compression zone at the critical section, 
thna, 

V H + at * rf** 

^ » 0.85 . c°B . bD 

«7e» 
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H»e third critical web reinforcement ratio, , was calculated by tha so-eallsd 

tirwiss -analogy, i4iich is used as onr- of the sh#ar strtSngth theories for beans. 

'-.Tax 
b • j • /ny 

j - 0.875 d 

The values of (o^/c ^) vs. •iccluding thosa 52 tast qpscimana exhibiting bood- 
aplit falltiras, mzv than plotted «s bHowii in Plgura 12. 



As observed in this figure, many of the specimens which satisfy the following 

liaitation ahoNed good ductility even though ««y be leae timn or gxeater than p^^. 

-i- + 6 ;i <. 3 (8) 
c t » 

Ualng theae restilts, the value oorrespondlng to the left aide of Equation (8) was 
calculated far madh specimen. Relationship between the above value and (P„/P^ ) are 

shown in Figure 13. Clearly shown on this figiure are thie zones of the shear-t§nsion 
failure modes « the shaar-conpression failure nodes, and the f lexure-congpression fail- 
ure 



If a design control, as given by Equation (8} , can be refined through more rig- 
orous tests and study, it may be- possible to provido a limitation on tlie effective 
%feb xeinforceaent ratio and a combination of P^, a , and M/QD within which the web 
reiBforoaaant is not effiiotive. ^ 



Bond-Splitting Failure 

A distingoishiog feature of the eiqperijaental results was the presence of bond-split- 
tin? failwas of Tmrions tast speeiinens. This type of failure node occurred in 52 •peei" 

mens and was observed in those specimens which had high tensile reinforcement ratios. The 
tensile reinforoeaient ratio (P } was 0.95% for 47 speciatens and 46 specimens showed this 
type of failure — '- 



Tor those spedmans ehldh failed in this mode, a small inclined eradt first appaarsd 

at the position of the tensile bar close to the end of the so-called shear crack. As the 
number o£ cyclic loadings increased or as the horizontal deflection increased, similar 
eracks prograssad in number near Htm oentsr of the apeeiaBn. Spelling of the concrete 

then ooHMBced and the shear oapneity of the spedMn decresaed. thus, this initiaa 
incHnad craAr oalled a bood^splittlng eraek, was censidared to be tiie triggering 
for tliia type of failarsBoda. 

Ihe shear force and bond stress at a point on the tensile bar at a distance "d" of 
the member, %<here the shear force corresponds to this initial crack« (^dq^ ' ^ 
tained by setting the principal tensile stress equal to (c'^t) ^ ^s eeused oy the bending 

- c't • B + /c^ ' + 402(0°^" + . 0 J 

oQto • ; <»> 

2C* 



+ 6.1(D'dt - dt^) 



1.75 n* • b* • d le b'D^ 
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b* ■ Minimal mliw u givan by (2^2 dt - and ~ 

n* ■ Wmbnr of tanslle nlafosreaasnt bars 

'^o' ' Oiammt ax of Um teQsll« nliifore«Mnt and tiia 
respectively 

I, le " Noaent of inertia with and vifhcmt ttm affect of tlia bars, 
raapectively 

CoB¥>arison of the calculate^} to the test results, (^2^^) » *re shown in Figure 14. As 
shown in this figure, (^'S^) generally is greater than (cQ^q) as (M/QD) and (P^) decrease 
and as (Oq) incvaaaes. ftDwevar* tlia Inflttanee of the waib reinfiuraMaent ratio oaimot be 
perceived. 

Next, the ratio of (cQbu/cQ3q) vs. the ratio of ^^■Jp_J,x■'^"all for all of the test re- 
sults are plotted in Figure 15 in accordance to their failure mode and ductility. The 
terms, F,g^ and P^, repreaent the waatiaMi taat results of the nean bond stxeea and the 
alloifable bond atxaaa in accordance with the A.I.J. (Architectural Institute of Olvan) 
egda, Aa ahon in tfiia figure, the value of (cQgg/cQgQO has a greater inflnanee on tlw 
bood-aplitting failure aode than does Fgim^^. 

Figure 16 ahowe tbe relationship between the value of (^j^/^^) and the eatlMted due> 
tili^ of iJie speeiMna, nhigh had failed due to bond-aplittiag.^ 

As shown in thiis. f-qure, their ductilities cannot to improved, even if the web rein- 
forcement is increased. However, in those specimens where (c'^} is greater than 270 lcg/cm-<^ 
and eiien (cQ-^) ia laaa than 1.4 tines (cQbq) and (P^) and is approxiMtely eq^al to (Py-)* 
good ductility can be observed. It is further presumed from their cracdcing patterns tbsV 
the confiiteiaent of the concrete within the core of the spiral hoops is effective. 




ODMCUISIOK 

Multi-cycle flexure>shear tests were coi>ducted on 12S short coluain specimensr the 
following iteaa relative to their duetili^ were obaervedi 

a) tbm factors whicA control ductili^ of a stnetural ooIoHn include net only 
shear, but also bond and buckling of the ceaipreaaion bar, 

b} To prover.t corij. re^c; ion rei i; fo r cer.ent fr&n bucklina at snail curvature, the 
spacing o£ the web reinforceoent should be less than ei^t times the diam- 
eter of the aniai reinforaaa»nt. 

c} Exarination of the bond stress is not an effective means for preventing mem- 
bers iroT, developing a bond-split failure. However, it is effective in keep- 
ing the flexure capacity within 1.4 times the initial bond-splitting cracking 
load, as given by Bqteatioa (S) . increasing the na^r of reotangular-lgrpe 
hoops is not as effective in preventing bend-aplitting failure as is using 
more spiral hoops. 

d) Whon the flexure capacity is n»re than 0.8 tisies the diagonal tension cracking 
loed, as given by equation (3) , an ef fketive aaana ia preventing Maabera fren 

devoicpina a diagsnai tension failure is to plsoe oose wab zeinfbrceHMnt than 

is indicated by Equation (4). 

e) When the flexure capacity is oore than about 0.8 tines the shear tension crack- 
ing loed, calculated fay Bguation (S) , It is effective to plaoe nere w«b rein- 
fbroanant that is indicatsd by Bquation (6) . 

f) Itaare is a Uniting combination of (P^) , { „), ar^d (M/fD) whore the shear cora- 
prsssien failure cannot be avoided, even wiEh an increase in web reinforc em e n t. 
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nils Halting ooabination Ib not appwmt, hamw, Bqnation (8) can b« con- 
sidered to be one such control. When a cooibinatlon of (P^-) , ('•^) , and (H/gD) 
Of the specimens satisfy Equation (S) and trtien (P^) is greater than (P^.) > as 
ahoim in Bquation (7d) , good ductility should be achieved. HowevnTf Idtira it 
a poastbllity that ttaa value of (Pm) aay daeseaae the duotlty. 
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MOWCTIOII 



b, D 

d 

9 

Pt 



a 

e B, e t 



t width and overall depth of speciaan* cMtwetivaly {am} 

distance fron extreme tension fiber to centxoid of tension reinforcement (cn) 
distance fron extroM co^praaaion fibar to cantrold of tanaion ralaforoeaant (c 

- d - dt (ens) 

tensile remtoiceaent ratio 
mb reinf orcenent ratio 
yield atress of tanalle relnft 



«t (kg/cB*) 
yield streea of web relnforcaaen t Hkq/ai?} 



eonpreaalve and tenalla atrangth of 
ahaer foroa (kg) 
oonatant axial force (kg) 

- H/bo (kg/c«^) 

bendinq moment at critical aection (kg*OM) 

- M/fi (ca) 



raHiaetlvaly (kg/at'*) 



MOmOHKL RBNMUS 



The following analytical studies will be conducted by the OOHlttee aod autbOTS, the roaulta 
of whidi will be sceaentad in the near futurai 

• 1. Influence of scale effect* loading aystm and loading axenraioQ on the dtaetilily 

of structural members. 

2. Quantification of the rational web reinforcement ratio to cause structural ■nahnrn 
to be ductile. 

3. Pursuit of a structural device in preventing the members having split-bond failure. 

4. Eatiaation of hysteresis damping of the test results. 

5. A method for estimating the seismic pxopartiea of the BMbara fey oaing the raaolta 

of certain static cyclic loading testa. 
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TABLE 1 LIST OF FACTORS OMMON TO SPECINEN5 



eooicK naota 


Korr 1 


n 


>:t;rr; b » D • 71 X 7^ M, <t"*e'^»^ 


- - - 


n 


Co««r*t«a rewal eaaant*, 7<-?10 krjcm^ il^rai^n] 


fC S<rirr: ?£ - '^0 >.-Jr-^ CiMlni) 


n 


Sitap* of m% nlafarewm*: Dietuiculv beep oitb 
• ttantara bnak at —A Ml 


::uot s«rs>«: r»etMicjl»r f.oop» jf l In th» 
liALf of SE'fcI.Brni 


n 


tar: SXli Ucvai 1»x 


iptci fi»3 yi«M ^vnt of ?«00 >(i/c»'' 


f. 


\j . \\ ' .ir S'.^S r- ' S bar 


IpMiflrt )lel-) >>oiat of k<-yca' 




TclULla r«tntarcej«!at rxtlo: n,.0.')4> O-Stia), 
C.tlt (5.E»>). C.«' (3-:iK) 


i-ILM S»ri»»i 0.4W (2-51?), 1. 24-. f20?2) 
»r S»rl«i: 5,-1. W' {'--l")) 


n 


St>»«r •pan ratio Vwli: K/^ . 1 and ;^ 


i:u» ai[tf U Striaai ViD • !•) w« 3>0 


K 


Ajital •traaai K/U> • 110/4 airi ir/ex' 


M i«/M> cmer s.). a mm -ao/to ^«it» ur s.) 




;*t rcinforcBwnt ratiai ly Mhw»'* alA« t«u>tun 


t;LCT Mrtm: I.I.J. Sqaatlea 


flC 


Lssdlnc 9*tto<?: -icstralatd bTCM ^P*t M«trMl 
lajlliu: at oiltt ej-clo 


■■irjUitUXUtrt* ITlWt 3.}, ImarM-SjnMtricai- 
tjyc (Ua. VS.). P..<l.I..t»« latttar a^rUr) 



t 



0.7 P, 



ilOcycles (i»4ijr) f"" 




'■a* ^cul at t<j£;t c'r4ualB shear force Q o£ epscLoen, (sm; loading miBbcr)* 
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FI6. 1 LOADING PROCEDURE USED IN ALL SPECIMENS 
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FIG. 2 B . R. I . -TYPE LOADING APPARATUS 
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TABLE 2 LIST OF SPECIMENS BELONG TO A HPIGAL SERIES 



Ntrk 


ReinforcMCflt 


Tensile 
Relnforctnent 
lUtto 


Shetr $p<n 

R4tl0 


Web 

Heinforcwent 


Web 

Reinforc«»ent 

R4tt0 


AX 14 1 un 1 \ 
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^ 1 




«) 


TTT 


Nunbcr-SUe- 
Sp*c1n5 (hr) 


«) 


6'o -N/bP 


IB 


3-010 


0.34 
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16- 9 - 33.3 
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210/4 


2A 
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0.34 
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t « 
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210/0 




3-013 
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1.12 210/8 
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FIG. 3 AN EXAMPLE OF SPECIMEN DETAILS (In m) 
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TABLE 3 LIST OF TEST SERIES 
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TABLE 4 CLASSIFIED DUCTILITY 


OUCTILITX 


cuAJucrsiamcs 


A 


Vwy ductilo colusns which failed by shear or bj huOkUag Wt 
eompr«Belon bars «t boriiontal l«r(« dtfleetloa* 

(P21 P91 i 0.8^, oQnp nmmi atimslli oMaiaM Igr 


1 


Ductile coluoinfl, whoso deterioration of shear capacity wars 
•wax untlll /* m A, S/ijf ), but aiiich falltd fegr shMf 
or by boDd or by buckllag «f tar tafOM ^ • €• 


. e 


Colunns yielded by flexure at first, but deteriorated refflark- 
ably dus to shear or bond fsJLlura or baekUac ot bars bafors 
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Coluons failad by ahaar or tgr taa4 toftvt tUmnX yitfldiafe 
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DUCTILITY b) MODE 




m. 5 CLASSIFICATION OF TEST RESULTS BY DUCTILITY AND FAILURE NODE 
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LMt-IB Typt CfMCKINS PATTERNS 
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FIG. 7 CRACKIN6 PATTERNS OF TYPICAL SPECINENS 
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FIG. 8 DETERIORATION OF SHEAR CAPACITY BY CYCLIC LOAOIMS ON TYPICAL SPECIMEN 
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FI6. 9 DISCUSSION OF DUCTILITY BY ARAKAWA'S EQUATION 
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]|OIII.XllBMt ANALYSIS OF A GaVBD TOMER 



8.x. Takahaahi 
Researdk Structaral BagitMer 

W.A. S:-.jw, 1.1. D. 

Head, Civil Engineering Departaent 



Civil Engineering Laboratocy 
Naval ConstxuctioQ Battalion C»nter 
Port HuanaM« Califoznia 



Tlte Civil ni;ainacring Laboratory has y<j:zi'^i:sd2d nai -oiialVLAia c.f a tcwor at 
a Naval cosnnuni cation facility. The tower is about 600 feet r.i jh ar^d is guyed 
at three levels. The vgpper guy level contains twelve wirest the odddle and lower 
g«Qf levels have three wirea aadi. The guy wires had nunerous large electrical 
insulators attached, eadi weighing SIO pounds. 



A nonlinear finite elawaat analysis of the guyed tower was conducted, 
arate finite elements were used for portions of the tower and the guy wires were 
■odaled with a truss elensnt. Deflections, forces, and stresses in the tosex and 
guy wires were determined from dead load and an equivalent static wind load cocze^ 

spending to 90 oiies per hour. 

Eigenvalue solutions were obtjtinod for the first five node shapes and natural 
£req;u»ncies of one of the top guy wires; the guy wire had concentrated nasses at 
five different locatioos and was initially pxestresssd. 

Kay Itordst Finite elencnt; guyed tower; stru(?tural analysis) structural 

engineering, vibration analysis, wind load. 
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OBJBCTIVS 



Vhe objective of this paper ia to pnsent restilts of a stnictural analyelB of a 600> 

foot tall radi' trwe> which is guyed at thre« levels; the analysis was conducted using a 
three-diaensional nonlinear computer program. The to%rer was idealized as a vertical con- 
tinuous bean sajpciorted at three elevations by guy wires. In the «iDaly*ie» the tower and 
9^]rs were subjected to gravity loads and etuivalent wind loads eocveapoodliig to a borijean- 
tal wind speed of 90 miles per boor. 

The free vibration analysis of one o£ the top gvy wires with concentrated vertical 
loads {insulators) and initial tanaioa in tha wire was also perfboMd. 



BNCHSnDUn) 

Hie U.S. Navy bas niasxons tall guyvd towers for radio oowiunloation located titroosh- 

o\»t the world. Many of these towers were designed and constructed over ten years ago. 
These towers are often Subjected to high winds; the accompanying vibrations of the towers 
and guy wires have, at tines , resulted in damage to non-structural elements woA as beaooo 
lights and copper straps which attach the electrical wixea to the toMer. 

Concern has been exprasoi about tho structural integrity of thes?; towers from, the 
standpoints of injuries to personnel, damage to equipment, and inability to carry out the 
aasigned defense niesion. 

There have been several signlficent fellures of tall towers In the United States during 

1973. A IfOC-fost ^olcvisicn tower collapsed and killed twc nen near Tampa, Florida in 
June (1) ; Lhu icixlure of thin tower was attributed to loosening the wrong bolts during 
modification of the tcwer . in October, a 2000-foot television tower fell in Cedar Rapld8# 
Iowa and killed five nan i2)i this failure ney have been caused by deterioration of a gvy 
wire at the SOO-foot level. A third temer oolliipsed near Dee itolaM» Iowa in Deoaaterf 
the failure of this 16B2-£ioot television towex waa eaueed eavsse ice and wind loadings 
(3). 

ttia U.S. Navy believed it desirable to re*aaalyae sosie of the towers in its cooBwunica- 
tion system, the Civil Engineering Ltf9orBtozy« Navel Oonstzuetion Battalion Center, Port 

Hueneme, California has devoted some effort to this task. A nonlinear con^uter program 
has been used in the analyses. This paper discusses tha aiialysis of one of these towers. 

The analytical investigation was sponsored by the Naval Facilities Bnginsering Coar 

mand. 



DBSCRXFTION Of TONBR 

Two 600-foot gi^ed towers have been in operation at one of the Naval oaamnmleatian 

facilities for more than ten years. A photograph of one of these towers is shown in Fig- 
ure 1. Some of the components of this tower are shewn in Figure 2. This tower has three 
levels of guy wires; the two lower levels have three guy wires each and the top level has 
-twelve guy wires. An elevation sket^ of this tower is shown in rigors 3. insulators are 
located in iJie guy wires as shown in this figuret ea^ circle Tttpresents one insulator 
which weighs 510 pounds. Insulators are on each wire although they are shown only OB one 
side in Figure 3. Figure 4 shows the numbering system of the <)uy wires. 

Hie guy cables are pze-stretchedf multiple strand, zinc-ooated Bridge rqpe with wire 
strand cores. Table 1 provides information on the diameter, minimum breaking strength, 

and initial tension for the guy wires. (The last two columns in this table will be dis- 
cussed later in this paper. ) Figure S shcMs the location of attachaent of the guy wires 
and defines terms used in this paper. Ibe aodulue of elasticity of tlie guy wires ia 19*000 
ksi and the allowable stress is 64 ksi. 

*Nudber8 refer to references given at the end o£ the paper* 



The main legs of the tower are extra strong round steel pipes. Fxoa the base up to 
nods 3» B-lncib round pipe was usedf 6-lncd> round pipe was placed betwean aodaa 3 and 5| 
the top portion of tha tower had 4- inch round pipe. The cross-sectional area and moment 
of inertia of these pipe asotioiiB are tabulated in Table 2. The main tower legs are spaced 
nine feet apart and a» far«o«d nith horisontal sngla MctioM and diagonal taiislon rods, 
as shown in Figure 6. 



FORCED CK THE TOWER 



Loads an a gvyad tower reeolt fion dead load of the tower 
Initial t w ialon In f±m guy wiroa, wind load, and ios load. Am 
la looated in an acaa idiaca ioa loads are not a pidblan. 



and gny wires, 
undar canaidsration 



flie total gravity might of the angle irons, tmslla rods, gusset plates, bolts, 
lad'Ljr, and platforms la approxiinate ly 100 lb. /ft. o£ hai^t. TfaS total Wai^t Of thS 
three legs and the other meiidsers is calculated as: 



Section 



Top 



Diameter of Pipa Meight 

(in.) (lb/ft) 

5 20.78 

6 26.57 
« 43.39 



Waight of Three tags 

(lb/ft) 

62 
86 
130 



Total Weight 

(lb/ft) 

162 
186 
230 



As shown in Figures 1 and 3, the guy wires carry numerous insulators t^lat weigh 510 
pounds each. To simplify the analysis, it was decided to represent the actual gu/ wire 
and the insulators by a guy wire equivalent treight and diairjcter so that the length of this 
giqr wira is equal to tha length of tha actual guy wire (4) . This equivalent gvv pro* 
oeduze is useful idiare only cable end reactions, spring eonstanta, and wmtmai eabla tan- 
sions are of interest. A computer prograrr. based on P^ference 4 has been osad and tha re- 
sulting equivalent properties of the guy wires are as follows: 



Guy Level 
Top 

BottOB 



Eqviivalent 
Diameter 
(in.) 

1.531 

1.921 

1.679 



Equivalent 
Weight 
(lb/£t) 

7.760 

7.S10 

7.710 



Actual Mf^talliC 
Area (in.^) 

0.361 

1.270 

1.060 



initial Tanaien in QMy Wires 

Ilia Initial tanaion at anbiant 
gugr wlsas la 7.52 kips, 23.20 kips. 

Wind toad 



for the top, aiddla, and loner lavela of 
31.04 kipa, cespaetively. 



lha wind is assianad to be blowing parpandieolar to one of tilte flat faces of the towar. 

For a typical 14-foot heicjht of panel section, the wind surface arf^a of the flat far* of 
the angle irons and tension rods is approximately 0.44S sq. ft. per toot ot height. The 
Kind sarfaoa araas of iJta pipe laga are as foUowsi 
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Section 


Dianctar 
(in.) 


Surfacn Areas 
of Two Pipes 
(sq ft/ft) 


Total Area Tines 
Shape Factor 
(sq ft/ft) 


Top 


5.563 


0.927 


2.42i> 


Hiddl* 


6.62S 


1.104 


2.695 


BottOB 


8.625 


1.43B 


3.20S 



*Sbape Factor for Flat Itaabers « 2.28 



Sbas»e Factor for cylindrical Members = 2/3 x 2.28 = 1.52 



Tbe unifiozBly distrUrateA horiaoatal load, on tbe tomr Mgpaata ia obtained ftoa 
tba Coniulai 

« - A s q 

wtiare A ia the projected area (inelading tlie abape factor) per unit beigbt and « is tbe 
velocity tdaA preasare. 

ibe valooi^ wind preaanre is obtained fron 

q - 0.00256 

where V is the wind velocity of 90 qph and is the correction coefficient for height or 
01/30)2/7, 

using the nid^liaight elevations of 540.2 ft., 376.6 ft., and 139.3 ft. for the aec- 

tions with the 5-, 6-, and 8-inch diameter pipes, respectively, the height correction fac- 
tors and resulting uniformly distributed horisontsl load on the tower sections for a 90 
spli Mind are as' fblloMs* 



Height Correction Velocity Pressure Uniform Horizontal 

Section Factor, Cy, g (ksi) I/oad, w (kips/ft) 

Top 2.28 0.0473 O.US 

madle 2.06 0.0427 0.115 

BottOM 1.55 0.0321 0.103 



MNUMBMt MUiCXSIS OP GOTBD TOMBR 

The information in tte pratvious section was used as input data to a computer program 
which idealizes a toser as a vertical continuous beam sivported at the apecifled elevations 
by cjuy wires (5) . The assumptions used in ttm program are the followin^i 

1. Each tower segoient is prismatic (i.e., the section properties defining re- 
sistance to bending about either principal axis and axial* shesr, and tov* 
aiooal defomations are constant between tower nodei^ 

2. The cable profile ie a parabola tot all loading oondltiona* 

3. Anchorage eabls tensions and total cable wei^t axe kaam. 

4. Nind loada on the tcwsr shaft are known and axe uniform between tower nodea. 
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5. Concentrated forces can be applied at tower nodes only. 

6. Xhe gtqr wiras an unlfoiBly loadad ^ the trind. 

7. th« awzaige uliid valoclty is On sum for mil qar wicas. 

8. The «ri.iid i* blowln? parallel to thm qxomA. 

9. Ll£t and drag coefficients for each guy wire are coiif>uted automatically using 
tiM Aucmlas given in iiaf«pmo« 6. 

The printed outpat of the fwiputav psogran centaiaa tha telloiring: 

1. hli input data. 

2. Data ^ddag paraaatnes aaoh aa guy dwrd langtha, tmatressed cable leogtiiaf 
initial attad) point ei^le tanaiens, etc. 

3. Global translations and rotations of all tower nodes for each load case. 

4. dflbal tranalationa of all cable attach pointa. 

5. shear, moMntBf axial forcaar and torquaa acting on tha anda of aacb towar 

segment. 

6. Attaidi point and anchor point cable tanaiona and glefaal oo^onMita of the 
cable resultant forces. 

7. Tower base reactions. 

The computer program required six iterations before the solution converged. A sum- 
nary of the displacements at various locations of the to%irer is given in Table 3. The maxi- 
mum displacement at the top of the tcwer was found to be 7.39 feet; this is more than 
twloe the daf lection' at tha middle level of the giv «ir«a «bich indleataa that tha top por- 
tion of the tower is quite flexible oonpared to the bottooi two portione of tha towar. 

A tabulation of shear, axial force, and bendxng nio>T,ent in the tower is presented in 
Table 4. Iho base shear of 6.0 kips is well below the 15 kips shear to which the base of 
the tower waa taatad, howavart the axial force of 433 kips at the baaa of tha tower ia 
slightly greater than tha 400 kips axial test load. Ifaa laxiian monant of 2,lS4r-fiaait klpa 
occurred just above the middle quy level. Figure 7 gr^phioally ahotfa the dafXaetlon* 
shear* axial force* and bending moment in the tower. 

The axial compressive stresses in the main columns of the to%«er were conputed frOK 
the axial loads and bending moments given in Table 4. These stresses in the leeward 
column are summarized in Table 5. The highest stress of 47.8 ksi occurs at the intersec- 
tion of the 5- and 6-in^ dlaiaeter pipe sections and is caused by the large deflection at 
tha tqp of tlM towar. ttl^ atxvaaaa of approadiiatnly 40 hat alao occur at tha eonaaetlng 
point of tha niddla level of guy wlraa; 

Table 6 summarizes tlic final tensions at the anchor end and the attachment point to 
the coluan for all guy wires. Figure 4 shows the designation of the guy wire numbers. 
Ihe aUombla stress of 64 kai was slightly exceeded at tha attach point Sor gqy niraa 

8, 9, 17, and 18. The desit,-n working load for the guy insulators vas 76 klpsi tha MBkIwIiW 
tension of 65.4 kips occurred in guy wires 4 and 6. 



FRBQOBNCy MOaYSZS OT GOT WIRB 

A general nonlinear finite element computer program called NONSAP (Beference 7) was 
used to detazodna tha natural f vaqoanoias and node shapes of one of tha top laval guy 
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wIkm. This wire is pinn«d at both ends. The conputer model is represented by twelve 
truss eleoents and thlrtMn nodal joints, COaoaotratad loads of 510 pounds sadi wax* placed 
at joints 2, 4, and 6| a elustar of six 510-peund loads was placed at joint 8. Initially, 
the deformed shape of the wire was deterjrdned considering only the gravity weight of the 
wire and insulators. This deforaed sha£>e and initial tension in the guy wire was used in 
tbs eoac>uter program to detesslns ttie natural frequencies Of the wire; the first five aode 
shuiss and natural f saqaanciss ar« shCMn in Figuxa 8. Bsespt Cor ths first nods abagm, 
ths elustar of six oonomtratsd loiils at Hods B fososs ths odds to cross ths initial posi- 
tion at this node for the remaining Cqsk aads shspsBi it is fts if two ssparata ed»lss wars 
oscillating independently. 



A 600-foot high giyed tower %(tiich was designed in 1960 was re-analyssd using a non- 
linssr fialts slsssnt ooovutsr prograa. ttm towsr shaft was r^rsssntsd by a ssrlss of 

co-linear bean segments interr-r^rrr- -♦■•-'d t=wer nr-d??^. The tower was analyzed for a wind 
velocity of 90 miles per hour Liv^j^i^^^d one oi Lhe ilaL faces of the triangular guyed 
tower. The analysis showed that a maximum deflection of 7.39 feet occurred at the top of 
ths tower. The base shear force of 6.0 kips was considerahly hslow the proof load of 15 
Iclpsi ths sxisl foros of 433 kips at ths bass of ths inaolator, howassr* wss In s s es ss of 
the 400-5clp proof load. The allowable guy %d,re stress of 64 ksi was exceeded by four Of 
the twelve top guy wires by less than six percent and should not be of great concern. 

A frsqusncy analysis of oos of ths tqp guy wirss Shows that sods shspss 2 thicou^ 5 
had a nods at tiw looatlon of ths elsstsr of six insulators. 



1* Stginssrimr vmn Meex«« "Oollapsa of « Gqysd l,6Q0-ft TV Vosav Kills iso HoiksEB,* 
Jins 14, 1973. 

3. BngliiMriag Haws itscoxd, "a^OOO^ft. Towsr raUs, xHXing Pivs," Oetobsr XI » 1973. 

3. Btogisssclikg Mows Moord, "los-l^sn« l,e8a-ft-hi^ TV fossr OoUwsss*" Dso«*sr 13, 

1973. 

4. 11.C. Noralss, "Shssr-volune Method of Solirlng Daasifas la Otolss," MCB, J. StntetOKisl 
Division Pvsossdiags, 5718 STl, January 19C8. 

5. P.B. PscsxsoD, "towsc Jtoslysis ProgrM," Bnglnssring Analysis ccrporation, juns 1973. 

6. W.s. U«hl» "Bnglassring ascodyaaKLes"* Isvlssd Bditioa, now vock, 1936. p. 280. 

7. K.J. Bathe and F.E. Peterswi, *nisorstical Basis for IKniSKP, A Nonlinear structural 

Analysis Prograjn for Static or Dynamic Analysis of Nonlinear Structural Systems 
Modeled with Finite Elements," by Engineering Analysis Corporation for Civil Engineer- 
ing LalMcatory, oetobsr 1973. 
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Tab1« 3. Sumary of Tower Dlsplaconents 



Tower Node 
No. 


Oisplacement 
(ft) 


6 


7.39 


5 


3.37 


4 


3.04 


3 


1.20 


2 


0.95 


1 


0 



Table 4. Forces and Moments In Tower 



Segment 
No. 


Segment 
End 


Shear 
(kips) 


Axial Force 
(kips) 


Bending Moment 
(ft-kips) 


5 


Upper 


2.1 


UO 


-160 




Lower 


17.4 


182 


1.807 


4 


Upper 


17.4 


182 


1,807 




Lower 


19.2 


185 


2»1S4 


3 


Upper 


-19.0 


279 


1,922 




Lower 


2.1 


313 


946 


2 


Upper 


2.1 


313 


946 




Lower 


6.7 


323 


1.219 


1 


Upper 


-18.9 


378 


1,142 


i 


Lower 


6.0 


433 
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Table S. Stresses In Leeward Colunn 



No. 


End 


Axial Stress 

(ksl) 


Bend 1 no Stress 

(ksl) 


Total Stress 
(ksi) j 


5 


Upper 


8.78 


- 0.3 


8.5 


5 


Lomer 


9.9 


37.9 


47.8 


4 


Upper 


7.2 


27.6 


34.8 


4 


Lower 


7.3 


32.9 


40.2 i 

I 

i 


3 


Upper 


n.i 


29.3 


40.4 [ 

1 


3 


Lower 


12.4 


14.4 


> 

26.8 

1 


2 


Upper 


8.2 


9.5 


17.7 


2 


Lower 


8.4 


12.3 


20.7 


1 


UDDer 


9.9 


11.5 


21.4 


1 


Lower 


11.3 


0 


11.3 




^ Direction of wind 
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Table 6. Guy Wire Forces and Stresses 





Attach Point to Column 


Anchor Point 


Guy 

Number 


Tension 
Force 
(kips) 


Stress 
Vksi J 


Percent of 
uesiQi^ stress 


Tension 
Force 
(kips) 


Stress 
Iksi j 


Percent of 
uesign stress 


1 


49.1 


45.5 


71.1 


47.4 


43.9 


68.6 


2 


16.9 


15.7 


24.5 


14.9 


13.8 


21.6 


3 


49.1 


45.5 


71.1 


47.4 


43.9 


68.6 


4 


65.4 


> 51.5 


80.5 


62.3 


49.6 


76.6 


5 


2.8 


2.2 


3.4 


1.0 


Q.8 


1.3 


6 


65.4 


51.5 


80.5 


62.3 


49.0 


76.6 


7 


22.5 


62.4 


97.5 


18.3 


50.8 


79.4 


8 


23.3 


64.3 


100.5 


19.1 


52.9 


82.7 


9 


24.4 


67.6 


105.6 


20.3 


56.2 


87.8 


10 


22.7 


63.0 


98.4 


18.3 


50.7 


79.2 


11 


16.8 


46.5 


72.7 


12.1 


33.4 


52.2 


12 


9.0 


25.0 


39.1 


4.3 


11.8 


18.4 


13 


4.1 


11.5 


18.0 


1.1 


3.1 


4.8 


14 


O A 






4. J 


11 A 
1 1 .O 


10 K 


15 


16.8 


46.5 


72.7 


12.1 


33.4 


52.2 


16 


22.7 


63.0 


98.4 


18.3 


50.7 


79.2 


17 


24.4 


67.6 


105.6 


20.3 


56.2 


87.8 


18 


23.3 


64.3 


100.5 


19.1 


52.9 


82.7 
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Fiqure 1. 600-ft high quyed tower at Dixon, CA. 
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ELEVATION 

(FT.) 

605.9 T 



SEGMENT 
Nt. 



4-74.6 
458.9 J. 



278.6 
234.9 



NODE 
Nf. 

6 



5 
4 



3 
2 



LOCATION OF 
eUY WIRES 



NOM. PIPE 
DIA. OF 
COUIMN UG 



T 



5 INCHES 



6 INCHES 



8 INCHES 



1 

pipe sizes 

Rguie 5. Definition of terms and location of guy wires and 
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A SnMDMD FOR THE STRUCTURAL INTEGRITY OF PREFABRICATED DWELLINGS 



Klyo^ NiJcano 

Head, Dr. Eng., Third Division 

Building Research Institute 
HlBlatzy ot CMiatruetltef Japan 

Kaeaya Hireeaira 

Chief Reseaurcher, Third Division 

Building Research institute 
Mxdmtxf of OoMtnietion« Ji^an 

Tatsuo Ntuota 

Besearch Associate, Third Division 
Building Research Institute 
Hiaiatxy of Oonstmetiont J^pan 



la 1973, tlia Ninlatcy of Oonatuetlon of Japan p r a e a nt eJ a atandard for tbm 

performance cf r rcf.Tbricated housing. The purpose of this standard was to pro- 
vide consumers with an index for selecting their dwellings. The standards are 

related to fire, heat, sounds durability, and •tmetiiral aafety agalnat earth* 
q^akaa, wiada, anow, ato. 

The criteria for evaluating structural properties are outlined in this 
paper, as well as the history and present status of prefabricated dwellings in 
Japan. A typioal pcafataloatad atxuotnral ayatea la ahomi In tha laat aaetlon. 



Mey ibxdai EarthquaXo; housii.j^ : rformemca iV*elficatloni pcafabrlcatad duallingi 
standards}, structural design. 
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A HISTORICAL SKETQt OF THE ?i<£FA8faCA7I0N OF OHELLINGS XM JAPAN 
AND THE PRBSEMT STATOS OP THBTR OOMSTIDCTTOR 



In 1945, just atter the Second world War, the nosib^r o£ houses required in Japan was 
4«200 thousand units, which represented 20% of tha total number of hoxiseholds at tbht time. 
In ordar to efficiently eolve the tiowiiig Aortagaf the NiAistzy of OoMtzwctioD raeoQBlaad 
the iMoeMity to induetrialise dwelling eoiwtructlon. therefore, the BoildLng lUs*arA In* 
stitute initiated studies to develop a r.c-w systen of dwellinq construction that would reduce 
the construction cost, the time required for construction, and the labor forcw. The re- 
sults ckf tlMHm stndies vex* r«f leetsd in ttee ooMtmetion of dmlllnqB su p e r vl a od nder 
public ■■iiegeBSnt. 

Since tiiat period, restoration of buildinqn and str 'ic-.ijres have been required due to 
damage caused by the Isewan Typhoon in 1959, and a subsequent building boom due to an in- 
crease in business prosperi^ in 1960. This has led to a diortage of constxiaetloiii aatar- 
ials and skilled laborers. At this time, the Ministry of Construction had decided to ac- 
celerate the industrialization of dwelling construction, and since 1961, introduced mass- 
produced systems into tr.e construction of publicly managed dwellinqs. in l'fb2, in response 
to this policy, private enterprise has establis h ed the Prefabricated Building Association. 

At the end of 1962, 835 lov-risc or two stories) , mass-produced dwellings were 

constructed under public management ana liibS, the quantities ot low-rise mass-produced 

dMsllings acoountod for one-third of All puibliely aaaaiged dMallinga oooatroetad that yoar. 

In the latter half of the 1960*Sr construetien of prefafaarieated dwellings bogan to 

increase rapidly. This was because the demand for a groa':i?r n>>imber of dwellings had oc- 
curred with a corresponding increase in the star.ciard of living. This demand, therefore, 
was characterized not by the shortage of the number of dwellings (the shortage in numbers 
was solved in 1963), but for an increase in a hi^^iar standard of house. Figure 1(a) shows 
the increase in the nunber of prefabricated dwellings, eonstructsd each year, during 1966 
throurrh 197?. Figur-- t(b) shows th^e pc-rcentage of the total number of dwellings constructed 
in Lhe same pericxi. According to these tigures, the number of prefabricated dwellings con- 
structed in 1972 eaeeeded 200 thousand, nhieh was nare tiian 10% of ttie total dwelllnge eeik- 



The deta'ls of the prefabricated dwellings csnstructf^d in the sane psriod is shown 
in Figure 2. The ratio of tine low-rise dwellings to those of ouro than thrc-o stories was 
78 to 22 in 1966; this ratio then became 61 to 39 in 1972. The increase in the construc- 
tion of high-rise dwellings is due to the rising value of land, which is estimated to con- 
tinue in the future. 

single- or two-stor-y prefabricated dwellings are divided intc three types, according 
to the material used m the main parts of the structures, i.e., wooden type, steel type, 
and concrete ^pe. The low-rise prefabricated dwellings constructed in 1972 consisted of 
tiw fbllvolng poroentagest 52.4% waxa of tSie stoel type, 36.4* ware of the wooden two, 
and 11.2% of the aonesete type. 

As many as 100 firms are presently producing these low-riaa dMSllingn Of Hom thmA 
1,000 plan types, however, sons of theee have notable defects. 

In 1973, the Ministry of Construction developed a performance standard for l-v.-^r-^- 
prefAbriCdted (iv«'feilir.gs in order to provide consumers with a criteria in selecting t^.eir 
dwellings. According to thi« ragulation, the Minister of Construction stipulates the per- 
formances relative to fire, heat, sound, durability, and structural safety, and imtifies 
tlM oonsunsrs of liiesa perfomancas with the eiceeption of etruetural safety. 

In the tollowing section, an outline of the criteria, relative to how the structural 
porfoaanca was avnluated, will be deaeribed. 



structed. 
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cmsiaA FOft SHB WMUSktim <r the stmcnmL nwonguKS 
or pwrntzniiBD dnbiaziigs 

The establishment of a critaxia for prefabricated dwelling systems first requires OM 
to satisfy tbe stxuctural parfomanoas apacifiad tay tha Building Gode of Japan and tha 
SpadfioatioiM of tha Arehitaetoral inatituta of Japan, in addition to satisfying thesa 

basic requirenents, the criteria must include the specifications peculiar to dwellings 
such as flexibility of partitions, rigidity of floors, etc. Also the evaluation of the 
aselsaieity of calnforced-concrete dwellings, utilizing a new metfaod based on the earthqotfce 
emergjr abaoi^otion oapadty of the structure, has bean adopted. 

ibe criteria will be cafexaBoad to iJia followiBg two areast 

1) Structural Design Pbilosqphy 

2) Detail of Structure 



STRDCTOmX. DESIGN PHIIOSOPHY 

The structural design phiioaopiiy reiativti to de«id ai«d live loads, uartliquaXes, winds, 
and snow must be clear and reasonable. Complex and/or unreasonable structural plans and 
alevationa will not be govaxnad fay these design criteria* If the structural eleaents are 
arranged to resist hortsamtal loadsr such as bracings and ghmar walls, they vast be in- 
spected into detail. If the structural system has wall panels which resist horizontal 
loads (this system will b€ called a "load-bearing waii panel system"), the maxiBum distance 
between two adjacent lines of walls positioned in the same direction shall be less than 
7.5 a and at least one load-bearing wall panel* lAidi has a alniaMi width of SO cm« shall 
be placed at every comer of the exterior wall lines. Tf the housing structure is nade 
of precast concrete panels, in addition to the above-mentioned regulations, tlie following 
requirements relative to seismic characteristics shall be verified by calculation or ex- 
periment . 

a) In case of verification by calculation 

Xtie coefficient of the horizontal load-carrying edacity, S, shown in Equation 
U> ahall not be less tiian 0.5. 

S • • • • Sg (1) 

where 

Xi « Ooeffieient baaed on the arrangement of the wall pa»#la in 
plan and elevation* (0.7 1,0) 

k, ■ Coefficient of the horizontal rigidiiy of the floor* 
(0.7 1.0) 

kj - Coefficient fox the difficulty of construction, (0.8 1.0) 

= The standard eelsaie strength coefficient, the smallest of 
the values dbtainad fcon S. in B^uatioo (2) or Sg^ in Bqfu^ 
tlon (3>. ^ 

The shear strength coefficient, Sg^, shall be calculated by using Equation (2) , 
«B, - "fc • V * "^1 • M • «w 

wtiora 

kf- = Coefficient associated with the wall panel strength of con- 
orate, (0.2 1.1) 
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k_. « Coefficient of the shAsr ratnforoflMiit ratio of tlie wall 
panal, (0.9'^ 1,4) 

k|jj " Coefficient corresponding to tha ah— r atvwigtti of tha 

horizontal joint, (0.6 1.0) 

k_| > Coaf fldaot oanraQondiog to abaar atrangth of tlia vertical 
^ Joint, (0.6*^ 1.0) 

- Coefficient of the standard horizontal load-carrying capacity 
defined by 10 



• total cxoaa-aeotional axea of tiM ahaar walla in one direetiOB 
per unit floor area of ttie first ataxy* (cm.^/em.^) 



W ■ Votal weight of tlie hooae per unit floor area at tlio firat 
atocy (k9./e«.^> 

10 ° Assumed value of tbe etiodard wait of ateaagtfa of tbe abeax 

wall, (kg./cD.^) 

vbe flaacural atrengtb coefficient, idiall be calculated by oaing .Bguatlon (3) « 

«BB " • • ■ • St • k« • 

a Coefficient corresponding to the reinforcement effect of the 

walls perpendicular to the direction under examination, (1.0 1,4) 

B - Coefficient corrasponding to the flexural strength of the 
collar beaea (1.0 l.S) 

" Coefficient corresponding to the bending reinforcanent and 
anehorage of the etaear walle 



- Ooeffieiant oorzeapoadiag to tike daetility, (1.0 or 1.5) 

b) in case o£ verification by experiment 

i) TtM test apecioan shall be a full-scale two- or thxee-diaiensional structure 
fined rigidly to the 



ii) The loading shall be cyclic and shall he controlled by horizontal deflection. 
There will be four loading stages with thr«e c>-cles of loading for every 
stage, llie various stages will oonsist of 1, 2, 3, and 4 tlaas the deflec- 
tioR tiiat oocura doe to the design heriaontal load and tha dafleetieae whiA 

correspond to the rotation angles of 1/22, 1/100, and 1/50. After the cyolic 

loads, this specimen shall be loaded to collapse. 

lii) The following reqolreaiant Aall also be satisfied. 

Critical Condition Required Value of "S" 

A. Condition when aevere structural 

is obaarved Vot leae than 0.4 



B. WltijDate Condition Not less than 0.6 

The coefficient "S" nay be calculated by uaing tha following agnation. 
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S ■ • JSj • <^ • /2M - 1 
Khere k^, are tlw mzliblM aa dttflnaa (or aawation (1) t 

» 1« M defiiwd in the folloMiBg tibia (aaa Wiqure 3} 



Critical 
Condition 


A 


B 


9 


80% of Pj^, which is the 
maximun load observed 
bafora tha i^aciaan 
xeatihaa Cbnditlon A 


80% of 



W is the total twight of the specimen, including live load 
f ia 6/6 



DtrAll.S Of STRUCTURE 

A. Load-Faring Mall Panala 

The height of load-bearing wall panels shall be less than three times the width. Tho 
structural performance of tha wall panels shall be checked by the following w^ariaants 
apoeiflod in tlie Japanena Znduatzial Standard JIS 1414. 

1) Tn-plane Shearing Test 

ii) Eccentric Loading Test 

iU) Bwiding Mat 

It) npaet Tost 

in tha caoa of ataal atraetiseaa, the design shearing foroe of tlie load-bearing wall 

panels shall not exceed 2/3 of the maxinnm shearing force, as detained from tba above ahaar* 

test. In addition, the shccarimj test results shall satisfy the following: 

1} The horiaontal diaplaoenant at the top of the panelt when tha design ahaazing 
force is applied, shall not aseeed 1/lSO of thm panel height. 

ii) When the horizontal displacement at the top of the panel becomes three tinaa the 
displacement due to the design shearing force, the panel shall be able tO XOeist 
a shearing foroe eq;ual to 5/4- tinea the design shearing foroe. 

ill) Failure or large local defonnations shall not occur on the surface of the elad'~ 
ding at a minimuB horiaontal displacement of 1/lSO of the panel height. 

B. Other Wall Panels 

The same tyi e of tests, as described above, shall be perform«d for other wall panels. 
In the in-plane shearing test, failure or large local deformations shall not occur until 
the horlsontal divlaoanant at Urn top o< the panel equal* 1/iOO of tte panel height. 
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Floors and Immm shall ■alntain auffioloat safety against Asad and liva loads. Vsrtl* 

cal deflection shall not exceed 10 nm. nor 1/300 of the span. Failure or large local de- 
formations shall not occur on the surface of the floors when a locally concentrated load 
of 150 kg BsgBltiids is iippUed at angr point. 

D. Itoofs 

Tha vertical displacement of roofs, due to snow loads, shall not exceed 1/200 of the 

span. 

steel or wooden roofs shall be safe against wind loads. Deflection of the eaves whan 
subjected to a distributed load of 240 kg./m.^ shall not exceed 1/100 of tilS Sjpcajr ISlBgth 
and the eaves shall not fail under a distributed load of 360 kg./s.^. 

B. Horlsontal Plane stmctoMS 

Horizontal i:lane structures such as roofs and floors shall be rigid enough to transmife 
shearing forces to colunms or walls. It is, thsrsfore, necessary to provide borisontal 
bracings or to rigidly oonnaot tiia roof or floor panala. 

F. Columns 

The coluim slenderness ratio of stesl structures shall not exceed 200. Xhs buckling 
Isngth of a oolom shall b« taken as its total length. Ooluana WULdi oonaiat of vertical 

ribs of wall panels and are connected to each other by bolts, the slenderness ratio shall 
be estimated from the loading test, as specified in JIS A 3304. The bearing capacity shall 

alao ba confisnad Iqr full-seal« twta. 
6. Poondations 

Foundations shall transmit external forces safely to the ground and resist overturning 
and diff«iMnU«a satlrleaiant o< the dwellljigs. 

M EXAMPLE OF INDUSTRIALIZED HOUSING ."TPfCTtMJB 
(A Medium-sized Concrete Panel System) 

As described in the first section, nassfroduction of industrialised housing in Japan 
started in the 19€0's. Daring this period, the industrialised house irsa prioutrily con- 
structed of prefabricated reinforced concrete panels. They were called "mass-produced pub- 
licly managed dwelling type", because they were adopted as publicly managed houses. Class- 
ification of the current industrialized houses of reinforced concrete stmictures are shG%in 
in Table 1. The aost prevalent system at present is a nediun-sized concrete panel systeai 
listed BS Type in tbm table. This syten was developed by iaqprovlng on the ibova-BW 
tioned "mass-produced publicly managed dwelling type", and is now one of the most typical 
industrialized houses in Japan. In this section an outline of this type of medium-sized 
ecMioreta panel ays tea itlll ba daacnrfbed relative to tiie atrvctura. 



OPTUMK OP TBK SnDCniRAL SYflRN 

Madltfained eonexate panel systems consist of precast wall panics and floor pemels 
Mhidi are oonnaotad to aaoh other by bolta. The wOl panela am aoncounded by fraaing 
ribs snd are about 250 m in height, about 90 cai. in width, and 4 cai. in thldowaa. The 

floor panels are approximately 270 to 360 cm. in length and 90 ^M* in Width. SonS Of ttM 
systems have collar beams between the wall and floor panels. 

Jin outline of this atruetural aystan and ^rpieal construction preoadarea are shcMn in 
Piguca 4. Arrangaaant of tha rainforcenant in a tgrpical wall panal and tha dataUa of tlia 
wall base are ahown in Pigurea 5 and 6, raqpeetivaly. 
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nMDMBHxiiL naNcxpus rail tub armciawt obsigh 



The fundamental principle for tho structural rleei^n of this systMK !• te up rigLA 
txjxea by properly aczanging wall panels and floor panels. That isi 

a) To arzanqa selnle wall panels unifOMily and affectively. 

r 

b) TO onasaot the wall penela tightly to collar boons or to the floor panols. 

e) To ooniiaet ttie floor panels to aatfb otiior and iSbna inceeasc tiie rigidly of the 
boriaoatal plana* 

d) To ooastmct n oootlanouR footing and to integrate the whole atrueture affectively. 

e) To arzange tite ooniwcttng bolts at connections betmen tho stzvctnral ■T*Ti***r*. 
In addition to these controls, the following must be taken into account! 

f) Prevent eeenrzenee of haxnfol cradca in nasbaxa and jgijits under permanent load. 

g) Pznvnit axoeasive deflaetlons and unpleasant vibration in the floor* 

h) Provide doctility to tike straetura and non-structural neiiiars and thna insure 
devalopMnt of largo horiaontal dl^plaoenents, 

i) Prevent mating of joining netale and reinforolng bam in the praoast panels. 



DBOatS or BMRfBQDlKB BBSISIMNV DBSIGH 

Ihe pmeedore of tiie eatbgiMdce resistant design is as follows} 

a) Detsrains the ainia« valnes of wall longtii that aro naoessazy for eadi 
fiocr and evaluate the ■wnlwiiin allowibla distance between these walled 

pariels 

b) Arrange the wall panels and floor panels uniformly using the valusa deter- 
mined above for madb dlraction and at eadi story. 

c) Calculate the stresses in each member and joint and check the appropriate- 
ness of the above arrangenent. 

Usually design procedures are dependent on the controls given in specific design 

manuals. The design earthquake load that has bc;on adopt-i-d is the value which 'Corresponds 
to a coefficient of 0.2, as given in the Building Code of Japan. The structural behavior 
of ahear wall panels can be determined by a sinplified method, as shown in Figure 7. In 
tbis method the height of the inflection points of the walls are determined by tests, 
flierefore, the effect of the bolt connection at the vertical joints, between wall panels, 
is neglected (see Figure 8). At the wall base shown in Figure 'J, the cross -sectional 
areas of the reinforcements, a^, and the anchor bolts, B^*-, are determined from the ten- 
sils forces doe to beading. Tha shear nsistanoe at tiie wall base is determined by tests. 



BSmmiBD STRUCTUPAL PERFOPi-lMJCE ,\m PROBUNS 
TO BE STUDIED IN THE FUTURE 

From investigations on the structural characteristics of existing honses and test 
results on structural menbers, the following structural perfoznanca eritairia axe eStiMtad. 
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1) cocgpramive stvengtii of Oaaag f JlppnndBaitely 300 icq/em. 
il) sbMur strength Design Value (k - 0.2} - 3 '^4 kg/ea' 

In the case of a two-story house of this system, the total weight per unit area is 
1.0 1.5 t/m^, and with the minimum wi^.1 length per unit area equal to IS 20 cm/m^. 
Hm yiald bass aliaar ooafftolant la oatlmtad as 0.4 0.6. 

tha tbllovlng additional pcdMaaa naad to ba atndlad for tlila tgnpa of atsuetural 
aystaai 

a) Althougti the elastic rigidity of this kind of stru turn is high, tht pla^^'i-: 
rigidity is reaazkably low due to the additional defomation of the oiany joints, 
rnstliar atndloa axm, therefore, xaqolxad to elarl^ ibm affMta of tliaaa joints 
on oarthqiiaka xo^ponaa. 

b) The durability of thin panal eonoRsta ahalla and of aqpoaad sfeaal bolta ilMald 

be inpzoved. 
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FI8. 4 KOIIM-SIZED PRECAST PAia CONSHWCTION NITK GOLLER BEWS 
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FIG. 5 DETAILS OF SEISMIC WALL PANELS 





IV-68 



Digitized by Google 




FIG. 8 NEGLECT OF CONNECTION BOLTS AT VERTICAL JOINT 
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Mi ANALYTICAL MOOBL FOR OETBBNINING fitifiiCy OISSIFATION 
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An analytical procedure is developed which predicts nonlinear cyclic struc- 
tural response under large reversals of plastic strains. Tha structure is dis- 
cretisad by aaana of tha finite aleownt appcoodaatlon, and the aaterial bahavletr 
is sianilatad by a refined analytical mdal which describes the realistic hysta- 
retic stress-strain curves of A36 steel under arbitrary cycles of load. In order 
to test the validity of this material rrtodel, some conparisons are made with ex- 
peristental values of the ineliistic response of a siaqply supported baam under cy- 
ello baddlng. The aodal la subaaqnantly uaad in tha dynaale aaalysia of a portal 
frame aid>jeeted to a selected portion of the El Centro NS earthqvak^ acceleration 
record. Hm ia(>roved cyclic response with the current approach is illustrated by 
comparing results with those obtained using a simple bilinear kinematic hardening 
material i^roj^jsation. Coniparisons are also made with values obtained using a 
oonercially avatlabla iwinllnitar fraaa analyala oo^puter pm^raM. soaa final ooa^ 
oiants are made regarding the rate of solution convergence with integration time 
atep size for two different temporal integration operators used in this analysis. 



tmf Nbsdat Analytical nodeli dynanic analyaiai dynaodc loadlngj earthquake} 
energy dissipatloof finite elcaienti eeiaalc veapenae; atxuetural 

engineering. 
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INTRODUCTION 



The dynamic analysis of framed BtMl atruetUMC tiildar earth'ruake loading would appear 
to b« well in hand, and many stvidies and applicable computer programs are readily available 

(1, 2, 3). In terns of building corif iguratlori , s truct'-ir al olemer.ta , arii appli'jd loading, 
the pzogiams are general in nature, but all assusas that material behavior can be ^proxi- 
wrnttA in tAzns of nonmt-rotation joint selatiOMhlps. A slafile bilinear or Ranberf-Osgeod 

(2, 4, 5) curve fit is usually adapted to rtode! this Tr,n*-f=rial re'^istanre function and ap- 
pears adequate for inost engineering appiiwations. Currently acceptfed design criteria for 
steel structures with respect to lateral displacements, ductility ratios, and lateral forces 
have evolved fron studies using the above computer prograna. Hotfever, the oonplexity o£ 
the load->displaceo»nt hystemia loops for frane t;^ structures, «liexa budding/ plastic 

straining, large dispLicemontc , an^^ joint slip are a-tive, can be judged frOSI the SnrVSy 

given in (6) of coaputatione *ftci e3q>erimc:.t3 or. r.odel stru'-tuxes. 

A current study presents sobm results obtained during the oourse of a oontinulng re- 
seaardi project on the nagnltude and distribution of mergy dissipation in dynaniically 

loaded structures. A significant point of this research is that the behavior of the struc- 
ture is found by cwans of a material roodei with properties derived from the exact hyster- 
•tie stress-strain behavior of A36 steel. Measurements oi the- cyclic behavior of A3& steel 
w a re carried out in (6), and the analytical nodal was developed and validated in (7) for 
uniaxial and nultlaxial stress states. By means of this sodel, one can Incorporate the 

results of advanced resear^ in rraterlal behavior intc -nqineering analysis. In all cases 
kno%m to the writers, cyclic material behavior has been aeduced from aonotonic test curves 
while, in fact, highly accurate results on cyclic behavior are readily available {9, 10, 
U) . The develfiiPMnt of this higher order material aodel st^lenents the current activity 
In tte cyclic testing of structures through large strain reversals (12) . 

Since the material resistance is synthesized from knowledge of a pointwise stress- 
strain ralatloA ratlier tlian a ansuitTotatlon relatioik at « joint, the finite al— l>t 
method rather than a stiffness method is used to model the structure. The elesmat used 
is a simple bean-column with the stiffness matrix obtained by numerical integration along 

the length and through the depth of a neirier elerent. A finite element plane strosL: anal- 
ysis of a siiifply si^iported beam, cycled through three load reversals with large plastic 
•trains^ was used in (7) to dbedk the aaterial oodel under diseuseion. Further analysis 
of. the saiae problem, using a bGan-colunm GlGrncnt and idealized material properties, is 
given in (13) . The purpose of tiie study j.n il3) waa .an aasessiaent of tha accuracy of nu- 
merical solution techniques with a particular reference to cyclic loading. The refined 
■atarial aodal has been incorporated in a general purpose finite eleoient coqputar progran 
(14) capable of analysing the noDlinear atatle and dynaaic responses of engineering struo- 
twres. 

The objective of this research is to formulate an analytical procedure for deteralnlAg 
overall atructural energy dissipation properties on the besis of ttj^eriasntal cyclic aa- 
terial behavior. A projected use of the nunerical results is an assesffinent of tiie effect 

of nonlinear material behavior on the damping properties of structures. The preliminary 
results given here are ained at verifying the overall analytical model and the accwacy 
of the nunerical solution procedures. For the case of a eiKi lo portal frame under earthr' 
«iake excitation, it is shown that considsrable diffecenoes in displacement values occur 
between tiw current resulte and titose obtained using a bilinear kinnatio har dening etreas- 
stiAin relation. 



The general eqpiation of motion for a body, dMived from the principle of virtual woik, 
is tirittan in tens of initial geooatxy aa 



METHOD OF ANALYSIS 



(i) finlta Blamant vormnlatlon 



(M)(q^) - - /y »)*{s} dW ♦ lFt> 



(1> 
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idian (K) l8 « conalstent o<r diagonal aasa witriK. (q) , (q) «• the ^anaraUnd dlaplaoa* 

ment and acceleration vectors, fr} is a vector of equivalent norfi' '^-rces. ( S} is a vec- 
tor of generalized stresses. I'he matrix (B) transforms goneralized dxsplacement incre- 
ments at the nodes to fsnaraliied strain inoraBants at aay point in an al ■namr It la da> 
fined by the aquation ^ 

(AB) - (B){Aq) (21 

and is a nonlinear function of displacoiant. tta a^pxaaaiona uaad in ioziiing (B) in tiia 
current atu^ ar« given in the A|ppan4ix« 

A aodifiad, ear eorraetad» liaaar incramantal Coxa (14) of Bqnation (1) is cbtalnsd as 

(W{Aqt+At] = / {8} «V - / (8>'{4S) Of ♦ {AP*^^) ♦ (-(I0{qj 

V V m 

- / {s> dv + (3) 

V 

The increnencal stress vector {&s} can be expressed in terms of {Aq) by using Equation (2) 
•ad tha follawing llnaar iacMMntal stress-strain relation 

(AS) - (DgpXAB) (4) 

The construction of the elastic-plastic stress-strain transformation matrix (D ) with 
reference to tha new naterial model follows the approach outlined in (IS) . By Substitutiaig 
Sanation (4) in Bqnation (3) and following proceduraa described in (15) , ttpiatlon (3) can 
be written aa 

whara tfaa tangantial stiffness matrix (K^) is ftanwd by coiiblning the first two intagrals 
on tha right hand side of Equation (3) , and tha "load oorxactlon term" , ( i^} , is eon- 
tributicn of the terras inside the pazantfaasis In aqnation (3}« (l^> is tba total unbal- 
anced force at tine t* 

(ii) TiM Integration 

The controversy over an optimum temporal integration opf^rator has produced a large 
volume of studies in recent yeairs. Direct methods (16} aru availctbie for estimating the 
accuracy of these operatora When t^ii'td to linear systems (17) , but it a s fl ns tlint only 
nunerical eiqperiaents can provide a neaaure of tbair worth in the nonlinear case. IB a 
reoent malysis (IS) of the perfoxnanoe of aavaral popular operators, nanely? «te Boidmlt 
(19), the Wilson (20), the Newark Beta (21), and t.he central difference operator, it was 
noted that the accuracy and stability of solutions wxtii thuise operators %mre very dlf- 
faxant between corresponding linear and nonlinear applications* tte overall oonelnaion 
axrived at in (18) is that inaeeuracies in nonlinear solutions eeewnilata vmrr z^pldly 
wh«A integration operators ere used with tine increaents larger than that of the stability 
linit gl^n by tha central dlffexenea eperator. 

In order to further investigate the result described above, both tte central differ^ 
enoe operator anA the WewwiiTlr operator vith 3 > 1/4 and y ■ 1/2 were used in tba cnrsant 
study. Ifie latter operator is generally applied In oartiiquaka engineering and is tlw 

basis of the sQiution method in (3) . The incransntal mine of the divplaosasnt vscter is 
given by the central difference operator as 

(Aq^) - (4«It-At* + ti*^i'it-At> 

The solution cycle is for^^d by calculating the displacement increnant from Equation (6) 
and using this value to coo^ute the integral on the right hand side of Equation (1) . nut 
acoeleration for the next step is fo«ind by solving aquation (1) for (q^* the operator 
is net aalf*atarting and auitabla initial valuae are outlined in (18) . 
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Because of its implicit form, the NefMDBXk operator is laora eomnaUotly ccwbtned with 
& linearised equation o£ notioo each as qivma by Bviatioa (5) . The Ineienant of aeoaleta* 
tloD la glTBii by 

substlttttion of Equatloa <7) Into Bquatioo <S} yleUs 

In this approach Mq^+^t^ first calculated from Equation (6) and then substituted back 
Into Bqaatlon (7) to find the acceleration Inerenant. the veloolty veetor is given by 

Oainping forces of the equivalent viscous type are not included at present since they would 
eoaplieats tiie Inteipretatlon of tha effect of naterial nattlioaarlty in the reqponse. 

(ill) Oonstitotlve Relation and Iteflned Material Nodal 

The new refined material model is an extension of the work of Martin (22) and Jhansale 
(23) and is deaertbed in detail In <7, 8) . A aedianlcal analog of the basic aeries sodel 
with only three elaaents is shown in Figure 1. Each spring of the system has a linear 
atress-strain relationship. The springs in the parallel spring-slider elements are not 
deformed until the applied stress reaches the yield stress of the slider in that element. 
If the atpplied stress in an alanant reaches above the yield stress, then the difference 
is stored in tha aleauit «a a residual stress. Tha tangent nodolus E^* on a given segaant 
of the carve is obtained fxoK tin relation 




(10) 



where the suraaation is extended over all those spring-slider elements which have yielded. 
The stress-strain re^onse %d.'th this model follcMs Massing' s hypothesis where the closed 
taysteraaia loops are the saaia form as tha stablized initial branch Ok of tba atress-strain 
curve except for an enlargmaant by a factor of two (10) . The hypothesis also implies tSiat 

after a small hysteresis loop la'Cii, the loading branch will follow the path EI instead of 
BJ. Ihis is an exaiqple of the "memory" effect which is created by the distribution of re- 
sidual stress in the elastic springs. 

This basic model cannot, however, accurately trace the hysteretic stress-strain curve 
of A35 steel for two reasons. Firstly, A36 steel in its "stable" condition does not obey 
Massing 's hypothesis. This is shown in Figure 2 where the cyclic stress-strain curve, in- 
exeaaed by a factor of tmo, doea?not accurately deaoribe the byetereeia loop ahepesr and 

th*» j^prfr hysteresis loop tips do not fall along the upper trace of the largest loop. 

Secx-iidly, A36 steel ci'cllcally hardens or softens before becoming stable. It was observed 

in (23) ^nd (7) that ovon dvirinq the h:\rinoninq and softeninq proress pach upper branch of 

Stress-Strain curve (except for the initial flat tpp branch) could be fitted to the double 
akeletoa curve for the ^stable** materiel by trenslating the loop along tba elaatic line. 

The loop is translated along the e'!astic line until the upper loop tip is approximately 
tangent to the double skeleton curvj. An outer trace of a givon loop is then described in 
terms of this skeleton curve and an appropriate stress offset, S^^, which defines the 
anount that the loop oust be dii^laoad along the elastic line. In Figure 3 tha individual 
brandies of Iqrataresis locpe Obtained from constant anplitude atrain controlled tests have 
been fitted to the double skeleton curve. As shown in the figure, the stress offset, S^^, 
depends on the number of reversals and the total strain range. In this study is approx- 
laated by a fMdly of linear functions of the nuriber of reverssls and the total straia 
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analytloal Mtmrial ■oOtl alae ineotporatM cyela-dapandHit wmm stnn as dm- 

scribed in (7), but this featjre is not activato-i in the present study. An aiiti feature 
is that the initial response of t^ie model is determined by a set of constants derived from 
the "£lat-top" stress-strain curve obtained by testing a virgin specimen of A3& steel. The 
spring aonstants «nd alidar atrMS vaIom far aiibMquant c«v*raala mftar the first loading 
ar* found aaparately firoa ricalatoa oorva obtaiiMd f ran onwatant Miplitiiaa strain een- 
trolled cyclic tests of steel specimens. The procedure, used to compute the spring con- 
stants And slider stress values, is described in detail in Appendix A of (7) . Agreement 
betureen the refined material modal and a coaQ>licated cyclic stress-strain history for a 
virgin ataal is shorn to ba bighly aatiafaotory by tba raaolta dapictad in Flgora 4. 



(i) VarificaUon of Haterial Modal in Stxuotural Jlnplication 

In order to test the validity of the naterial modal in structural applications, the 
bean problem, described in Figure 5, was developed. Tan spring-slider elements were used 
in tiia aatarial sisnilationr and tha diJMnsiona of tba baam were chosen in ordnr to bbtain 
large plastic strains without introducing nenlinaar gaoaatric affects. The bean was loated 
and reloaded through three cycles, as Ahown in Figture S. In the earlier investigation of 
Plummer (7), the bean f-span was moceled by fifteen plane stress eight-node isopiurametrie 
finite elements (24) . With a view to later, more general fraiae-type structural i^pplica- 
tlottSf tha half-^an was modalad witlk tan aiapla baaaeoeliaat alaaanta in the pcaaant mtUfSg, 
iha generalised strain-dlsplacaHnt salationa on Mhieb tha baasir-eoliaaA alaawnt ia baaad 
are outlined in the Appendix. 

The numerical and ei^rimental results for the bean are coinpared in Figure 6. Tha 
gaoaatric shapes of both uusas are so clearly siaiilar that it appears that a slight tOB- 
tension of tba alaatic rauga would allow parfact agraaasnt. Tha dlaanslona of tba baaa 
span, eroas-saetiOB, and eencentrated loading also aaka it likaly that ahaar dafomatieoa 
contribute in part to the difference in results. This is investigated in Figure 7 where 
tha results of tba plane stress analysis from (7) are compared with the current beam- 
eoliami xMUlta. &a nimttmiet sfadiatjtibwtieoa «f the two-diiMnsioaal stress state ia tiaa 
plana atrsaa rasvLta mmumi that* avaa for aaro hardening, tha load will oontiaua to in- 
oraasa aftar tha oritioal sid-aaetion has becone totally plastic. In a similar exanpla, 

Felippa (25) found a 35 percent increase in load capacity beyond the limit load in sin^sla 
bending at a displacement of approximately five times the elastic limit value. The ef- 
fect in this case is to giva tha plana atsaaa enrva a greater alepa en ite Initial braatih 
whid) laada to blgfa rasidual strasses in the spring elements befora the first reversal. 
The residual stresses fbr the beam-column case are practically zero except for one elament> 
and this means a flatter response will occur on the subsequent reversal. It is felt thafc 
this effect rather than shear displacement causes most of the difference in results in 
Piguxa 7 at tba and of tha saoond vavaxaal. 

These preliminary results indicate that farther tuning of the analytical naterial 
model nay be in order. Current suggestions in this respect are to drop the initial mono- 
tooic "flat-top" behavior and use the cyclic skeleton cixrve for calculating one set of 
aprlng and slider valuaa for alt omm. Oniaaioa e£ tlia *Clato<te!p" first cycle may raault 
la an overall iaproved raqponae. It was suggested in Appendix A of (7y that fictitious 
raaidual stresses be built in at the end of the "flat-top" cycle, but this may overly coa- 
plicats the parameters of the model. Another modification under study concerns the fact 
that in the current modal, the effect of the increase in elastic range, described as a 
atcaaa offaat in Plgura 3, is net addad to tha fiirat alidar, or flcat aa^Mnt of the straaa- 
strain curve. It was ooomented on earlier that the experimental valuea appear to indicate 
that an extandad elastic range is necessary for iaiproved agreement, and tba relaxation of 
this zaatrietlon on tha £i««t alidar aagr ba balpfiil. 



NUMERICAL RESULTS 
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(11) Response of a. Portal Frame to Seismic Loading 

rtm portAi, £zuB ducribed in (26) turn moAtUA Kith thZM flaita otaMiits per meabar 
and atdbjected to a aalaetad fbnr saoonda fl.S aae. - 5.5 aac.) of the Kl Centxo NS earth- 
quake acceleration record magnified by a factor of 1.5. The equations of notion HlSt bo 
adjusted to reflect this type of loading and Equation (8) is replaced by 

Cll) 

where ^^iu^^^^) is now the generalized displacement relative to base of the structure. The 
vector {Q^r IS formed by the components of base acceleration input. The equilibriun oor- 
raotion tan ia alao diangad to 

(It> - - (ll)({ut> ♦ ^Ct^> - / W'tS) ♦ (f ) (12) 

V 

For tha solution with the central difference operatoxi Equation (1) is solved as it is 
written for the ataiiolats acoBloratloa, and tho salativa atraetural aeoalaration Is abtalaoA 
f roa tha relation 

(V • (4^ - (fi^) (13) 

Displacements relative to tto baM« tor tbo puiposMi of oalculating internal foceos, are 
found in tha uaual ■aimar aa 

(Au^) - {Ao^^^} + At2{iij_^^) (14) 

tbe atiffbaae natrlx (X^) la 9eneratad nunerieally naing three Qaoaoian •points along 

the length, and the cross-sections of the I-beams are modeled by three specially weighted 
inteqration points, one placed in each flange eind one at the center. The number of points 
in all cases can be varied, and an option also exists which allows Stresses to be conputed 
at one or all Gaussian integration point*. A diagonal mass matrix is foriMd in the pro- 
grsB by eollapsing all rows of the oooaistently foeead aiatrin onto tiie diagonal, lite di- 
agonal mass matrix is used with Equation (1) and the central difference operator, and the 
consistent mass matrix is used in Equation (11) since there is no apparent cooiputational 
edvuitege in nirtTij the diagoneX Cora. 

The dotted line in Figure 9 indleatee th» reapenae of tiie franie with tSm new wterlal 

model and the central difference operator. In the same figure, the solid line passing 
through the triangles represents the response with kinematic hardening idealized by a sin- 
pie billaeer stress-strain curve given by E - 30 x 10^ psk, i = 36 x 10^ psi, and E^/B • 
0.1. A ooqpexisoo of these two curves indicate the influence of the added cyclic hardening 
effket in ^e refined eaterial model ever the idealised btiwvior. The results clearly 
demonstrate a cumulative effect as the divergence bctwrcn the results increases with each 
reversal of the response, it is eophasized that the model structure is a simple portal 
frme londed with only a fraction of « typical earthq\ia)ce input, and greater differences 
can be e^eeted in the analyais of aoxe oosylen fraasd structures under en extended eacth- 
qjaafce Input. 

The solid line passing through the circles in Figure 8 shows the values given by 
DiUail-20 %diich is s standard stiffness-type program developed by Kanaan and Powell (3) . 
The aaterlal response is based on a bilinear moewnt-rotation joint, or node, relationships 
and the monent-axlal force interaction diagram with shape code 2 (3) was adopted. Ba^ 
frame member was divided into three equal elements, and the elastic constants and harden- 
ing modulus mentionad above were eqployed in the analysis. Inspection of Figure 8 shows 
that the results with smilf-2D agree in general with tiwse found using bilinear Icinansitie 
hardening, the divergence of these curves at the final peak values in 41m reapoase aay 
be attributed to the different yield criteria and to the sunner in ehidi the stmotiiral 
stiffnssses are uu s yute d in the zeapeetive oo^utar prograas. The egreeaent beteeen 
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MAIM^SO «nd the results of the refined materi«l model at the final peak displacement ap- 
peora to te Itertaitoiui sincM tha divl«>o«Mat lilstoilas are oonaidazUy dlf farant to 
tU.a point. 

(Ill) Salaetlon of Tim locraaant foe tha taaporal intaflration Op<*«tora 

For linear problens, tha cholea of an la(plldlt varaus ejqplieit Integcatlon operator, 
aiwh a« the Mewnark over tha central dlffarenoa operator, ia often governed by the fact 
that the latter is only oonSitionally stable with respect to tine increment size. Also, 
accurate solutions with coraparatively large time increments can be obtained from Newmark's 
Operator ttith 6 •• 1/4 since the aiqplitude of each mode is conserved (21) . However, the 
xaaulta dbtaiaed In <ie} for a gaonatrioally noallaaar at^pla toaM problaa atiOHOd that 

ail iapllolt methods suffered serious inaccuracies for time increments greater than that 
found to give stable results with the central difference operator, and that the Newmark 
aattood wae tlia wocat in this xaapaot. 

IB tha eunrant atudy tiw portal fraM, dMoxlbad ia Pigura 8, waa aubjeetad to a 

sinusoidal base excitation in order to find suitable integration time-steps for the ceft> 
tral difference and the Ne'^mark operator. The response was obtained with the refined 
material tnodol as well as with DRAIN-2D which also uses the Hewmark operator, and tha ra~ 
suits are shown in Figure 9. The liniting stable tins incremeot size for the central 
diffazanea oparator was found to be 0.0025 aaoonds, and an apparently stable reapoaaa eaa 
obtained with the Mewnark operator for a tine step of 0.00625. Figure 9 indicates clearly 
the problGB af idtsntityiuy between stable but not necessarily accurate solutions. In this 
case all results %«ere in agreement up until a time of 0.45 9eooads when both DRAIN-2D and 
the finite aleaent solution with Matmark's method begin to diverge fron the central dif- 
fOranoe aoltttion. Tharafora, it waa decided to aaseas thia phenaamon Bere acenrataly by 
rui^ning the problen described in Fig"Jire 0 with decreasing time increrrients until convergence 
was achieved for Uie response over the time of the earthquake input. The results obtained 
with ORAIN-20 for increments of 0.005 ar^d 0.002 5 are shoHB la Vlgure 10, No change oc- 
curred with a reduction in atep aise to .00124 and so oonvarganca ia t"t— ^ for At equal 
to .0025. Tha problon ia new evident in that i^arent oenvergenoe eeoura ever tiia fizat 
cycle or so with subsequent slow, but finally appreciable; divergence after approximately 
two seconds ot the response. The recoamendation is made to use the stable central dif- 
ference time increment in that the seemingly apparent stability and delayed appearance of 

groas lAaccuraciaa with liiplioit operatora could lead one to believe that one had a oon- 
vTgw i t aolution at larger tine ateps. 

The result::! under discussion in this section, with trie exception of the central dif- 
ference case, were all obtained using the incremental form of the equations of motion with 
an aleaantary equilibrium, or load« correction term, it can be argued that an iterative 
aolutien at each atep would i mprove the aoenraey of ttia iapllclt aolution mdtuamm* Ibla 
was attempted in tl8) , and for the problem studied, the Iterated scheme made a difference 
only at those tine increments which had already caused larye errors, and no overall sig- 
nificant improvement was apparent. Further study in this respect is necessary, but the 
aoonoalc aspect of an ejq^licit central difference versua an iterated iaplicit solution 
■ay be the deciding fsetor in favor of the fonar aetliod. JM added oenaidaratlon la tha 
simplicity of central differncc solution scheme and its coasidarabla advatttaga «itb re- 
spect to conputer storage demand over the other methods. 



An analytical procedure has been described which incorporates constitutive relations 
baaed on a higher order material nodal. A comparison of analytical and experimental re- 
sults for a virgin A26 steel oaqpon and for a aisply aupported bean haa shown the capabil- 
ity of Oa refined nodal to accurately predict the cyclic hyaterwtlc natarial bahavler. 

The responses of a portal frame subjected to the El Centro tiS earthquake acceleration 
record have been compared for the refined material model, a bilinear kinematic hardening 
■odalt and the 0KAIM-2D model. The aignificant differenoea in the computed results have 
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clearly danonstrated the effect of cyclic hardening on seismic structural r^cpon^e, and 
warrant a further study of this phenomenon with respect to energy dissipation and fatigtie 
life of steel structures. The prclj.mir.ari' dynamic results suggest that for comparable 
accuracy, the tijne increments for isiplicit integration oparatora and for tha central dif- 
fexenoe operator iniet be of the order In the eeee of noalineair pxolileaB with oonples 
tSiM-entlon histories. 
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APPENDIX 



Finlta BlsMiit 



The axial and nomal dlsplacments U and V at a point (X, Y) of ths bVMB ATV •{ipiOxi.'' 
Mted by a linear and a c\^ic interpolation function of X, rsspactivaly. 

a - So -*- 

V - 4' bj^Z 4 bjX^ -*■ (A-2) 

iriMB* > a^^, b^,...., b^ an 9«nar*li«ed diaplacanant ooafficlants. 

It is convenient to separate the strain £ at (X, Y) into its meinbrane and bending 
^ and E^, ttbmx* 



dX 



- dX 



2 dX 



Feob Equations (A-1) and (A-2) 

dO/dX • «^ 

A^/dZ - b^ + 7b^ •*■ 3bjX^ 
ta laezaMat of strain !■ obtainad tram Bquation (k-i) aa 

.dV 



^dU + dU(A^ 
dX dX dX 



dX dX 



dx3 









1 



1 . ^ 

dX 



(A- 


5), A^ai 


AdABi, oai 


as 






dv 


2X^1 


3X2 dV 


dX 


dX 


dX 


0 


- 2Y 


- 6XX 



Ab^ 



Ab, 



(Jk-4} 



in tai 



(A-5) 



Of In- 



Ab. 



Pr» Equation (Ar-6) , aatcix (B) iduLch nlatas 9enarali«ed increnental strains with 
ganaraliaad iaoraBsntal diaplaoaamts is xaadily Idsntiflad as 



1 + «i 


0 $L 


2X^ 


3X2 dV 


dX 


dx 


dX 


dX 
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0 0 
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FiGURE 5. EXPERIMENTAL PROGRAM 
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FIGURE Z COMPARISOM OF PLANE STftESS AHO BEAM FIWITg 
ELEX6WT RESULTa fO« CYCLIC MATERIAL MODEL 
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This report presents a nunfcer of basic items relative to the design of pile 

foundations subjected to lateral loads, and deals with the present design status 

o£ highway bridges in Japan. Also preseoted are items to be fiirther studied for 
dMign atandardlutlon of pil« ftomdatioM ctdtjAetad to l«ttte«l loads. Such 
problMMi as the dafonntion awchantaim of grmv^lo stxvetiiroa ara awawinod* 

iSila rwpact praaanta tlia Mthod by raiaforoaannt of tha pila-baad* 



Kay Itovdai Ce^iign; eartiiquake; highway brldgaar lataral loadai pilaat pii* baadi 

structural engineering. 
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Because Japan is subjected to frequent earthquakes, it is r.eccssary to consider the 
effects of these earthquakes in designing structures. Such design specifications are stip— 
ulated under Paragraph 1-8-1, "Kinds of Load" In the Volume I of the "Oaawon Kales* of 
Japan's HiglMay Bridge Specification (Technical Standards of Ministry of Coastruction) , 
ind also in Vbluae V of tlie epecificetioii given under the Utle "Specification for Earth- 
qualw llialstaiit Daalgn." 

Aa daalga of suib-stnictarea of higtmsy bridges la parfomad in oosplianoe witii the 

Specification's Volume TV, "Specifications for Sub-Structure Design." The previsions re- 
lating to the "Design of ?ilc Foundations" ir. this bridge specification were established 
in 1964 and have subsequently become rather obsolete. Amendment and revision to these spec- 
ifications are noM underw^ in order to incorporate the latest technology and field and 
Isboratovy data. 

ihis report will present various ideas and methods outlined in several studies, wbich 
relate to the design of pile feondatiaiaa sidijeeted to lateral or satsMlc loads. JUltlMMigb 
thaaa atudiaa are still in progress, mudoos parts are being incocporated into the pro- 
irialoaa of tlia "Highway Bridge Specification." Oonaequently, the text of this report will 
indicate the anr proviaians of the Japan Ei^brntft Bridge Oeeign code. 

the general oontanta of Ale report- will be presented as follows. 

In the section "Oeeign of Piles," there will be introduced a conventional Method uul 

a rigorous method of design. The former method evaluates the pile's head reaction and 
displacement by balancing the three forces, while the latter considers the displacements. 
Woe MMt fcendations* the aiaiple oonventional Method la snffioieat, however, tfaia Mthod 
■ay cause, in sane cases, soae s-*rloas errors. Iherefore, in these Instances, a suggestion 
for applying the rigorous method Is given. Tn general, the use of these methods considers 
the piles to be long. In the case where the piles are short, tile dieplaceaent aethod must 
be revised, a description of wbich will be given. 

For the section "Calculation of the Lateral Coefficient of the Gro'ond Reaction," there 
is introduced a method as deduced from the results of soil tests, the lateral coefficient 
of ground reaction which can be applied to tlia analysis of the stress and displsoesMnt of 
tho pile, with the aid of the theory of beans on an elastic foundation. 

This method was proposed on the basis of experiments parfomad On ISO lateral load 
tests and their correlation between the soil properties. 

In the "Design of Pile Head" section, a deeign aethod for oooaectlng the pile's head 
with footing is deeeribed. There is no practicable deeign method to rigidly connect the 

head to the footing. But the Public Works Research Institute of tho Ministry of Construc- 
tion, desiring a strong and rigid connection, issued a design standard. In order to test 
and verify the appropriateness of this standard, a series of nearly full-size scale load 
teets were conducted. A deeoription is given of the basic conotpt of the design prooess 
of the connection of a pile to the footing and the results of t^te experiment. 

The section entitled "Behavior of Pile Foundation with Free Length" describes the 
lateral resistance of a pile f omdation having a free length and tha results cbtainad f mn 
a vibration test. 

There have been various vibration tests conducted on pile foundations, in which the 
footings axe buried in the ground. From these vibration tests and through experience ob- 
tained du ri n g actual earthquAea, tiw earthquake resistance of such units have been veri- 
fied. However, there have been ninisiBl experiments undertaken with respect to pile found- 
ations of free length since It Is entirely a new type of foundation ooocept. This sec~ 
tion will, therefore, present the results of an experiment on nearly full—sised SOala 
foundation, as performed by the Public Works Research institute. 
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DBSIGN OF PILE 

There ore two methods (Sesignated as the "Ri^nrm:!^ Mpthci" and the "ConventlaOSl 
Metiiod", which can be used to determine the reaction and dispiaceaient which may occor at 
the head section of ea^ pile due to external forces (V^, H^, M^) , as shown in Figure 1. 
It will b« •noMd that tba footing i« a rigid toe4y and tha ground is aiaatic, both in 
the asial and tha lataral dtxactiona of tlw pila. ftm calculation Mtbod psaoantad ia aip- 
piicabie only in tha oasa lAara tlia pUaa as* aiifficiaatly long nd ara daanad to tuna an 

infinite length. 

The acplicable extant of this calculation aetfaod and the ca lc u l ation mtbod for short 
filaa ara praaantad in tha feUcwing pKr«gr«0lw* 

(1) Rigorous Method 

Sba follmring oiuationar liian aolvad ■inltanaoualy , will give tbm daforMtiooa 
of tiia fDoting*ptlo inlt« whan tha lataral diiplaoaMnt of tbm footing ia S^* 
tioal dlig l aoa m t is (y# and tlia votaiy angla ia a< 

»W«x ♦ V«y * = "^o 

* Vy * V- - »»• 
*^-JCKicc2 ei*K^«i«'»i) 

Ajto - - ^ItK^ - Kj) Jtj^ ain COS - cos e^> 

- ^(Kj^ coa^ + sin^ ej.) 
Vi ■ *«y - ^\ COS* ♦ Ki sin* e^) ♦ sin e^} 
*oa ■ 'i * *1 'i* *i' ♦ ♦ sin + K4 

(1 ♦ $h)^ ♦ 2 
« - K - K, L±J* 

K - < Bti 6hy^ » 0.5 
* 1 + ♦ ♦ 2 

D > Plla diwMtar (a) 
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BI • PiU*m bmding xl^idlty O^ca^} 

Kg > Lateral ooaf fioiant of tha qromA raaetlon for a plla (kg/on^) 

= Axial coefficient of the ground reaction of a pile (kg/cm) 

Mh«n i , and a are evaluated from the Equation (1), the pile's axial force 
SH. noifciag ivob Mdi pila Iwad, lateral £orc« V^, and ths pile head ■awnt Hi oan 
ba calculated froa tiw following aqnationai 

• V*jt ^i + »y * "Xi' *i\ 

'Hi ■ *l**K «» »i - <*y ♦ "in - V 

Ml - - KjCd^ coa - Wy + 0,^) ain fljj + 

(2> Oooventicnal Metfaod 

A» an ej^dient deaign Mtbod* it la poasible to parfmni an afpcoodaata aaalyais 
fey aaaiaidng the folloMingi 



i) in tiia cane of only vartieal pilaat 

Vo IV, + ^"o 
*t» • "~ ♦ — 

"o 
n 



Ml - - XP, 

Vo 

*v ■ 

' ttK, 



Hi 



(3> 



Q O 

«vl»i* 



2 

11) Xa the eaaa of akair pilaai 

In reference to Figure 1 , the following relationships are obtained; 



sec 

Bj^ - tan -I- - Jv^ tan e^) 

Jaee 0^ i 
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i m 
X 



M + 'H_ 
_2 O 



1 

(3) Liaititta JIbp11c«Uop of Qpiwptlonal Wthod 



tha pil« foundation la oocurtvuctad with only vartleal pllaa and haa a 

metrical arrangement, both the rigorous and couvm tlonal methods agre« for both the 
pile-head reaction and lateral displacement whan - •* . In the case when 0, 
the behavior of each pile is the same as that which occurs in a sinqle pile. An 
actual plla foundation exists batwaan thaaa towo atataa, tliajcaforaf eonaldar flxat a 
aoa-dlaMBBloBal parawatar as dafinad br tba following avKOHlon* vbioh zalaitBB tha 
rigidity xatio in tha vavtlcal dicactioB to tlia horiaontal dlzoetlon* and la anvraaaad 

(0 < ♦ < 1) (5) 

l+0h 

whesof a - Hunbar of pilaa. 

Using this paraneter '^ , tho solution (defined as f^ by the rigorous method for 
both the pile-head reaction and displaceii^nt can be singly e]q>ressed by the followlngi 

«{ic»-o)**^*<iV--) - *Civ-o)^ 
whoxa f ^ . la Htm aolutlon «diaa Xy • 0, and la tlta ealonlatad mine of a atngla 

plla. f . la tha aointlon nban ■ **, and la tha ealoulatad valva hf tha eon- 

mntloaal nattod* lfawly» tha parawtar * appxoaehaa 1 aa tita vartleal direction 

rigidity of an entire pile foundation increases relative to "Jie lateral dirrction 
rigidity. Consequently, the gap between the rigorous method cu.d tne conventional 
method narrows. From the results of a preliminary calculation of various types of 
foundational It baa baan aaoartaload tliat if « > 0.9S, tha gi^ batvaan tha two oal- 
oolation Mthoda la laaa tiian taan^ paroant. 

In the cdse where skew piles are involved, it is difficult to obtain a simple 
parameter, as mentioned above, but In general when the vertical direction rigidity 
la BMll and ^ obliqMO angla ia avbatantialXy gsaat, tha axrox aciaing fxaa tha 
convantional nathod will ba lazgn. 

Design of Short Piles 

In gaaaral, in tha daaign of pilaa* tha plla la oooaidarad aa a baan on aa elastio 
iho plla*a dlaplaoanant y in tha nodal la pxooantad in Plguza 2 and faa 
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expressed by the folloiring £ourth order differential equation, 



Bl 5ji + KjjDy - 0 (6) 



Solving this equation including the boundary condition, the pile head dlsplaOMBHit 
tmtm at th* tXm irtiaa the l«t«r«l force effects the pile bead con be eiqpressed asi 




<7) 

«h«M 2 8h^/k^d is the pile head displeeenent rate for the ease «hen tiie pile length i Is 

Infinite. The coefficient a is a correction coefficient for the pile because it has a 
llauted length, while i»Jt alone is expressed by a function. The pile head displaceiMnt 
rate faeeawa* < • 4HVK^ot because the ooef£Leient a in the BqpiatiQii <7> ie a • 9t/3* nhen 
Um pile is xegarded as a rigid bo^. 

Figure 3 represents the relation between i and t , and it can be seen fron-. this plot 
that if 0i > 3( a 1, Mhich is close to the solution of an infinite log bean, if < 1, 
a • 0t/2f which is eloee to aolutian of a rigid body. 

The sibove description relates to only piles displaced under the influence of a lateral 
force. However, similar trends will occur for other loadings. It iSf tfaierafogpe« possible 
to make the following classification based on the design principle! 

ISi >, 3 Slastio body, infinite lengtii 

1 < Bt < 3 llastic bo^Tf llaitad lengtti 

BS < 1 Klgid body 

A pile falls in-between the "rigid body" region and the "elastic limited length" re- 
gion and is, therefore, a "short pile," and, therefore, the boundary conditions at tbo 
andrpoint of the pile oust be taken into ooosideration. 

Figure 4 shows the details of a lateral load test on a <&2m, Iil7m PC well, «hieh was 
perfomed. In this case, with 0i ■ 2, the pile belongs to the region of "short piles^" 
and tlinB» its and-polnt is driven 5 ■ ds^ into ttie graivel soil. 

Figure 5 represents the oom^rative valoss as derived by calculating the iwasuxed 
obliq\ie angle distribution and throe possible boundary conditions at the pile's end-point 
(free, hinged and fixed) . As shown in this case, i^ien the end-point is driven into the 
gravel layex , the calculated valnss and the ■aasurad values agzae fairly well irtien the 
andrpoint is aaaoaed as a hinge. 



Figure 6 illustrates the influence of the support conditions, at the end-point Of 
the pile, iqpon the flex distribution of the pile and the bending nooMnt distribution. 



lATBRM. COePPTCTBRT OP GROOND RBHCTICW fKj,) 

The most important factor to control the pile's lateral resistance is the later2a re- 
sistanee of tiie gzoimd itself. 1!he loed-deforaatiea characteristics of the ground are 
generally nonlinear, and noreover, lAien a load is applied by or through such a flexible 
body as a pile, it is extrenely difficult to determlBe a definite yield-point. Ihis is 
because there is a breakdown which takes place at the upper section of the pile as the 
load is afiplied. Because of this, in designing, the ground is assumed to be elastic by 
taking into oonaideratlon tiie pxeciss data of the greoad survey, and the pile is deemed 
as a bean supportad by ms elastic bo4y. 1hns» the dasi^a load is datsrmined fron the 
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allowable displacement rate and the pile's pemlsslble stress. Xn this case, as the ground 
la nonlinear, the standMCd ground surfooe diflplaoaasnt rate ia detemined and a virtual 
free sprincr constant rate is eo^loyad. Wtom thia uoaas llie lateral coefficient of the 
ground reaction K^. In order to detezBiiM the coliabillty of ttla ten, a tmbec of eiveri- 

nents have been vtndertaXen. 

Fizatf in Older to investigate the effect the loading plate size has upon the lateral 
ooafflcient of the ground reaction, test pits were made in sandy and loam soil. The plates 
were circular and had 30 cm., 60 en., 90 cm. and 120 cm. dianotors, rfespoctivcly . Tho 
series of horizontal plate loading tests that were conducted are sho%m in Figure 7. This 
figure is e]Q>re8sed as a ratio of K„ to K^q, where Kj0 ie the value when 0 - 30 on. It 
waa found that Kfj decreased in an inverse proportion to tiie loading plane diasieter raised 
to 3/4 power, regardless of the ground depth or pile buried depth, as given byi 

i . (|j-3/4 (8) 

The virtual deformation coefficient was obtained from the plate loading tests by using 
the 30 ca loading plate and assuadng the K value as the control . In order to exaaine the 
intez<-relatiett in the verlona gKouad investigation satliads, an everiasnt wee eendueted 

for against tho defomation coefficient Ep, as obtained by a boring hole circular loa^ 
ing test. The defonnation coefficient was obtained by either mono-axial or tri-axial 
tests by using a sample of tho materials and tho standard penetration test value N. The 
results are shown in Figiu:es 8 and 9, resulting ia an ^pproxiaate ejgeriaental ejq^ression 
aa ahflwa belxwi 

- 4Ep - 4tg = 28N (9) 

By adding a proportional constant whlA is eaperiswntally detemined froa a pile loading 
taet, a relationship b et we e n Biuatioaa CB) and (9) can ba obtalaad* aa given in the fol- 
lowing express ion I this proposed cxpressloEk gives an estieate of the lateral coefficient 

of the ground reaction for a pile. 

- — — — 21— (10) 



^ 4.8d3/* l.ao^Z* 1.2d3/« 

Figure 10 shows the comparison between the results obtained froe a single pile loading 
test performd on loan soil and the azpression (8) . Figure 11 illustrates the relati on 
between 7li/ic and the pile*s disMter (D) ee based on the ei^ceseion (10) . The date 

has been plotted was obtained by collecting tVis in'^crTati-i on 150 horizontal loading pile 
tests throughout Japan. The value of thai, was u^cd wa,^ whe ground surface displaceoMnt 
at 10 ran. For the standard penetration test value N, the mean value at a dipt^ fsM ttia 
ground surfaoe equal to 1/9 « vhere (0 - /iCgD/4 siT was esciloyed. 



DESIGN OF PILE HEAD 

Since the load applied to the svperstructure or the substructure of a pile must be 
transferred without failure to the fonndation structure, the eenneotioa laetween the pile 

body and the footing stru^r ir" is extremely inportant. Tn the case of a pile foundation 
where the cross-section has a portion which will suddenly change, a smooth transfer of 

load ia iaporative. 

^ M pzesettt, the adbatrttotuxo deaign of a higbM^r bridge reguirea the oonneotlon be- 
twee: the piles and the fcotiag be eenaidetad aa a rigid unit by uainv eiUmr of the fol- 
lowing two aaetbodsi 
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Method At Piles which are burled In a footing at a certain depth, the combined strue- 
ture shall resist the pile head confining nonicnt using the burled portion 
of the pile. This method is applicable to steel pipe plies, PC, and RC 
piles. Tb« details of the conxiectlon are wibam in rlgurea 12(1} and 12(2)* 

Method B» The pile head confining moment shall hr' rc^:! :nairly by reinforcing of 
the piles, even if the length of the buried pile into the footing is short. 
This method is applicable to any steel pipe pile, PC pile, RC pile, or 
cast in-plac« reinforced eoDODate pile. The aethods shown in Flguxe 12(3) 
to 12(5) pertain to this Method. 

The design method is specified by each type of pile and by the connection nethod h 
or B. For example, the design of a steel pipe pile, «hldh is oooneeted fay using MatJioS 
B, is outlined as follows: 

(1) The connection of the pile and the footing is designed as a rigid structure* 
and the pile's head should be dsslgued to resist all puDcUiig. psll-ovt* and 
lateral forces and the aoMnt. 

(2) The leogtfk of pile head to be burled into -the footing slhall be 10 am. 

(3) The vertical bearing strees of the fbotiag eenerete diall be (refer to Pigore 

13) J 

a m .f < 0 

4 

(4> She lateral bearing strees of the footing eooorote tfaall bet 



''oh-Sri'om 

(5) The pull-out shear stress of the footing concrete shall bei 



T 

a 



(6) Ihe oeveiplate and the oroea reinforoed plate shall bes 

tj - tj - 22 am h^ - 30 an , 
which are applicable to piles of not wore than 1.0 a. in diaaeter. 



> 



= Thickness of the coverplate (on) 

t^ " Thickness of the cross reinforoed plate (cb) 

hj " Malgbt of tlie ecoaa reinforced plats (oa) 

(7) Hypothetical reinforced concrete cross section stress. A punching force p, the 
nsaant M, or the pull-out force ia assuwd to act on a crtMs-section of the 
seinforoBd oancrete and the stress of oonersta and tlie rein f o rr a w a nt is then 
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1> Tba sl»Mriii9 stMSs at tfa* wildid MoUan sball b«i 

a A 
T = < T 

" 1.4 U^' " 

o^^ " Allowable tensile stress of the reinforcenent (kg/cm^) 
A,^ " CtoM-Mctien of tlio roinfbroaMat itmuh 
A - XA9 langtai of tte fUlot void {eai 
- wold loagtli (oa 
11) Tho ondier length of the reinforoeBwat eball bei 




" Allowable bond atxess of concrete (kg/cm') 

u * Hoop longth of tbo xalafoteMoaikt (en) 

(9) Tte latwal poll-out aliooeliig oteoot ot ttm «ad of tho fBotlag will b« otwUad. 

Am EOmlta of apdol tooto on otool pApo pUos wblcb axe oonnoetod by Netbod » will 
twM bo givoni tlio dotoils of tho toot Badal an ^Ivan la Plgoso 14. 

The detail of th(> pila head connection is shown in Figure 15, which has a 10 cm. 

built-in and is reinforced with eight steel bars of 16 on. diaootoc. On tba pile's bead 
tbOM is pxovidad « Btool eo««xpl«t» of IS m, ttddt and 16 b. lOiiiforBfant zing. Al* 
dng is pxovldad axoond tho stool pipe pile to xoolst tbm olrouBforontiol tamollo stxooo. 

The maxinun applied vertical load was 90 tons and the resulting stress distribution 
on the concrete footing and the pile bead oovoxplate under this lood is sbo««n in 

Plgoro 16. Iho oaavarioon botw e on those aeasiirod stzoosoo ond tho ooloalatod 'volnao oc<a 
given in Figure 17. The calculated coverplats OtcOOO Caxk bO dbtoiood bf SMOaiag thO en- 
tire bearing stress acts on the covexplate on 

O - |2_. 0 (D/t)* 
320 ° 



vhaxo* 

«Q * Bearing stress (kg/ca^) 
O - Filo dimtor (ooi) 
t • Pilo thidtnoM («■} 
It Should bo noted that tho transfer of the vsrtlesl lood acting upon tho pllft oetoolly 

is concentrated along the wall thickness, and, therefore, the aotOOl BOOSttCOd VOlWO Of 
Stress on the coverplate is sraalier than the calculated value. 

Ao voztioal lead was then romowl and a oeiriowio lateral load of 70 tons was tboa 
WpUod. Flgnro IB ataoifs tho oo«orlMn bvtMMtt tho dotnal ModuMd atsMMs ood tho 
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calculated values with respect to piles Pj^ and P^. These result-s indicate that there ex- 
ists a definite gcip in the behavior of on the punchir.g side arid on the puii-ouL side. 
It is known from the bearing stress distribution that the entire area of Lu oonpression^ 
while on tbar* occurs soM rotation at th« built-in section. This clearly Mans that 
tbe cc nf i n aw m t on the part of is satdiar weak and tlie pile head is not perfectly fixed. 

In generai, tbe established pile head connecting method has a sufficient design 
Btiength, «nd tdta stress wliieh occurs lAsida the footing is safs. 



BBunnoR or Piu FOumMrioit Nm fheb lbngxh 

The multipla-flllax foundation of a rigid struetore can be fonned by groups of large 
diaaeter oolma or piUars id»i^ penetrafie and ase embedded into a designated bearing 
strata with tbelr bead aeetion rigidly held together by a top coverplate. This typo of 
foundation excels when working in water and can be constructed very rapidly. Ever> in 
large-scale projects, such eis those highway bridges which link the mainlaiid and ShiJcoku 
Island, tills type of foundation structure was used. For ttve purpose of exaadning tlie lat- 
eral resistance characteristics and behavior? of the pilo groups with free Ic^nqths, a scries 
of exp'erimental large-size models have t'ler. undertaken. The results rue aive:. ai; follows. 

As shown in Figure 19, two utodels having different tap coverplate thicknesses were 
fabricated. Various types of tests were ceaiducted using tiiese aodels and included a lat- 
eral loading test, a free behavior test, and a forced vibration test fthe top coverplate) . 
The symbols A, B, and C indicate the location of the applied load and the loading direction. 

Piguce 20 illustrates the relation betMoen the average lateral coefficient of tbe 
ground reaetioB (X^) and the ground surface displaeonnt, as obtained fran the lateral load- 
ing test. Due to tlie group-pile effect, declined more than in the cas'; of a single 
pile, and it also fluctuated with the loading position. Figure 21 shows the fluctuation 
of 1^ as a ratio of tbe central pile, which was set as the standard. The front line of 
the piles took 50% aore of this ratio than that of other piles. Figure 22 represents tiis 
torsion-spring constant for the case of an eccentric loading (loading postion B) . In this 
case, the pile's torsional resistance took 80» of t^o entire applied torqua, while only 
20% WM absorbed by the lateral ground reaction. With the nultiple-pillar t^e foundation 
bsving • loner zlgldi^, it.beooMS asoessary to cdMok its torsion rate. 

Fxgure 23 shows the acceleration mode, free vibration at the tower-end postion (C) . 
Table 1 and 2 present the results of the inherent vibration frequency and the dasping con- 
stant obtained fro* tbe free vibration test and the forced vibration test. 

The Inherent period of the rr.ultiple-pillar foundation can be dctcrrdncd by replacing 
the foundation with a mcxiel of one degree of freedom. The total mass of the ground surface 
Is tilcsn as tlia nans ublA relates to tiie vibration, is tiien daterminsd as foUoHsi 

Top-cover axial free vibration (A) K - 1.23 kg/cm^ 

Tower axial fret; vibration (C) K = 1.24 kq/cm} 

forced vlbcation (top-cover position) X • 1.08 Kg/cai^ 

Ibsse valuss are cavarabXe to or slightly lower tiian value obtained froai tbe static 
load. 
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Fig 1 Coiculotion mod*) of pile tou«Mi» 
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FiQ. 2 Cokulotion model of single pile 
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Fig. 4 Horizontal loodirtg test of 

PC pilt wirh lorge diomciv 
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Fig. 8 RiMiiMihip belwMn E» oi4 E30 
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Fig. 18 Comparison between calculated volue and measured value 
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Of £L<M of FMtoxal talMlng V»«b»olo9y 

Canter for Building Technology 
National Bureau of Standards 
O.C. 



A review of the development of earthquake design pxQVialODS £ttV D.8. build- 
ing oo4m is presented. Sugg«flt«d ravisions to the cuxvmt pcovision* taem noted. 
h ooop«r«tiw project dlMctetf towarfl daveloping cexnprolieMlvft calsnic design pro- 
visions is described. The organizational stxucture for the project including a 
pnakdom of the Task Coooiittees reguired to develpp the provisions and work state- 
wsnte for 9mA TaA OoiMittM ar* iaelndad. 



wot NBVtet Buildings} building oodMt dnaignf oartbqpukMi structural enginaariag. 
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Annual property losses fian euttbqtuk— in th« Unltsd States average appxtudnately 

$14 million. Approximately eight lives are also lost annually. On a cainparativ« basis, 
losses from flooding and extreme winds such as ':iurrlcanes and tortiaduuii dLre much greater 
(I). The sudden loss potential for earthquakes, hwovor, is great. It is estimatedf for 
•jcaiqpl«f tbat x£ the New Madrid eartbquakes of 1811-1812 occurred today, loeeea would 
^gbably total well over SO billion dollars and countless lives (2) . 

The population growth and increasing urbanization m tr.e United States have resulted ' 
in a large number of structures built ill aeismically hazardous areas. Buildiag codSS and 
regulations setting ninimm standards for constrtictlon netbods and naterials are one ■sans 
for mitigating losses tram aarthguakas. The purpose of tills pspar is to easaine activities 
in the United States directed to«fard tbe dsvelopnsnt of iiiproved aeisaio design provision 
for buildings. 

Following is a brief review of the history of U.S. earthquake codes, propoaed ehengea to 
these regulations and a cooprehensive project directed toward updating these provieians 
will be considered. 



Althouqli eafthquakes have occurred in many portions of the United States, the most 
selsodcally active area is west of the Bocky HountetLns. Host of the activity involved in 
developing seisaic design sequiranants» tlierefore« has been i x Mic e ntrated in California. 

Following the 1906 San Francisco earthquake, the city was rebuilt under a code which pro- 
vided 30 psf wind force to effect both wind and earthquake resistance. The Newtonian con- 
cept in vrhich lateral earthquake forces are proportional to the mass of thti structure was 
esployed by structural engineers, but was not incorporated in the early building codes. 
The xequireaents in tbs 1927 edition of the OnifdXB Building Code were aaong the first 
earthquake provisions to be written into any widely used building code in this country* 
Following the Long Beach earthquake in Harch, 1933 and passage of the Field Act in Call- 
tc-riiia, {-'-iLili.: school buildinys were required to be designed for lateral forces ranging 
from 2% to 10% g. The Riley Act of 1933 reqwiired all California buildings, except certain 

^rp** ef dMellings and fare buildings, to be designed for lateral forces. 

since the time of these early code requirements, earthquake provisions have continually 
evolved. A significant step m this process involved the formation in 194B of a Joint Coa^ 
nittee on Lateral rorcea of the San Francisco Section, ASCS, and the structural Engineers 
Association of WortJiem California, lbs lateral foros provisions advocated by the cosed. t- 

tee were base^^ on Biot's work on earthquake spectra (3) . Following formation of the Seis- 
mology Coasn-ittcc c£ the Structural Enginetirs Association of California (SEAOC) in 1957, 
the first edition of a comprehensive set of requirements was published as "Recommended 
Lateral Foxoe BequireBents" in 1959 (4) . These have been continually updated and the 
latest edition published in 1973. 

Following the jan ferrtando Earthquake in 1971, revision of existing seismic code re- 
quirements received considerable attention. A dynamic type code utilizing in an explicit 
fashion the response spectra oonoept was proposed for the City of Los Angeles. Mew re- 
quirsnente were developed for hospitals end other critical faeilitlee lA California,. Also* 

v.Ari ".jiteral aqaricic-^- including the- Veterans Administration and the Dspartesnt Of 
Health, £;ducaU.on, and VJeifaxe davelo|^ed new seismic design criteria. 

Although many of the proposed new selaeic provisions are similar, considerable dif- 
ferences exist in many eases. As a result, it beeams apparent that a need existed to up- 
date U.S. seismic design provisions. The next section describes a comprehensive project 
in this area undertaken by the National Bureau of standards (NBS) and the National Science 
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IMPROVED SEISMIC DESIGN PROVISIONS 



rb» last m»iae zavlsioa la seismic eo4» provisions la the O.S. onnmsA ia th* 196Q's. 
Slnos tliat tlas, ttMM hsiM b««n significmt advsBOM la knowledfe of t9i« rMpens* of 

building systems to seismic ground motion and correspondir ■■; ' ;i analytical techniques and 
design procedures. One of the recoomendations developed at a workshop on disaster mitiga- 
tion sponsored by MBS sad MSF in 1972 (5) indicated that modal code provisions for seismic 
dsslga alwuld be pnpand on a top priority basis to bring tlie minimum level of praetlos 
Into Una «ith ainant atata of kaowladge. siadlarly, «ba Joint SBJWOC-JkSCB GoHlttiee 
on Seismic VoKoss ganniniiBad atxQiigly that exlstlag salsalc design zeqnlraBaats be >e- 



As part of the Cooperative Federal Program in Building Practice^^ for Disaster Mitiga- 
tion, NBS and NSF initiated a project to develop cooprehensive natioivdlly applic^le seis- 
mic design proviaiaBB* ffas of«vall pmject InvolvBa tND phases, as outlined in tiie follmr- 
Ing dlscussloo. 

lhasa 1 - awalwitiein of Wesponse Spectw Jlppgoaich 

Many of the proposed revisions to seismic design provisions advocated a response spec* 
tram ivproaeh and the Jolat SEAOC-asce CoaBittee felt that If dynamic deelga criteria were 
establl^Md, a a p ec t rias approadi ehould be tiaed (6). fteoognlslng this. MBS Initiated a 
project in May 1973 to evaluate such an approach. The scope of this effort was confined 
to a study of the practicality, additional costs, and related effects. Working with de- 
sign professionals and researchers, a set of pcovisioiks for the design of the structural 
systems of regular hoildlage baaed on a re^oaae apeetrum approach waa ^veloped by a five- 
nan Engineering Panel txom the Applied technology Council (STC) . ATC functions as the 
gss s a rch an of the Strnetoral BikgiiMsrs Association of CalifMnia. 

tho WiinrlrrBall reaponaa speetron nsthed was used In developing tiie prwisions to- 
gether with ground motion values for acceleration, velocity, and displacement representa- 
tive of a given site in Southern California. Two sets of spectra were used. The first, 
the Damage Threshold Spectrun, was assumed ropreocntative of moderate earthquake motions 
at the sita having a nodezately low probability (about 50%) o£ being exceeded during the 
life of <te stmetnre (70 yeexs) . Iho design philoecpfay adopted was aaeimvtlott of the ac- 
ceptability of the prevention of significcint structural damage during such an earthquake. 
For the second set of spectra, the Collapse Threshold Spectrum representative of major in- 
tensity earthquake motions at the site having a very low prability (about 10%) of being 
esoeeded during the life of the atructura (TOyeara) . It was aaatnnd acceptable to prevent 
ooUapse of the stntetoral aystem. 

The design provisions were based on a linear elastic nodal analysis using the two 
Bets of spectra. Ductility modification flMtors were employed to account for the effects 
of iaalaatic action. Structural neohers vers designed using available ultimata strength 
pranKislciw far aaacMts and stssl and faetacsd alloMabls stress provisions for Msonry 
and wood. 

Following development of the design provisions, they were applied in the redesign Of 
eleven esi sting Calif ocnia buildings. Xhe tataHdings selected for this fhase of the work 
are Indleatmd in Table 1. Mote taiat the seleetlen Inelodes a aanpling of basic oonatrue- 

tion material, height of Gtructure, and type of lateral force resisting systen. The orig- 
inal design firms for the buildings were coomissioned to do the redesign in accordance 
witii the maw psevisiaBB. Since the buildings were originally designed using varying code 
reguiraawnts in eadstsnoe at the time, they ware all first redesigned to the provisions 
of the ig73 mifem Building Cede (UBC) to provide a eeanion baseline for ooaparison. 

the ooat involved in applying the new design provisions was evaluated. The diffez- 
eaoe in ooastxuetion costs resulting froM ths new provisions as compared to the designs 

based on the 1973 OBC were determined, in addition, the extra engineering costs assoc- 
iated with the new provisions as oongpared to the engineering costs required to apply the 
etpilvalmat static ferae pcovisiema of tha 1973 OBC ware detenined. 



vised (6) . 
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A Ciaal rapect ineluttng th* dAslga pcovlsioaa and cci—nt>ty» tlM c«uilt* of tii* re- 
design sttidy, analysis of the cost noted above, and reconnended n»diflcations to Inprova 
the design provisions are contained in a final report currently under ravisw. It is an- 
ticipated that this report will be pubiishtid by July 1974, following reviSIT bjf NBS# tilS 
SEAOC Seismology Committee, and structural engineers from California. 

tbamm It * Oosprehanslve nationally ipplicafcls Provtsloas 

The study described uiider Phase I was of limited scope. First, it only considered 
seismic design provisions for structural systems. Second, the general problem of risk 
analysis and dstszainatlon of selsaic foross was rsstrietsd to ens site in Soatlieini Cali- 
fcrris. Nuxerous other factors must be considered in establishing comprehensive provis- 
ions applicable to seismic design throughout the U.S. (6) . To develop these provisions, 
MBS and HSF working with ATC initiated a second project in December 1973. The provisions 
will be based on the current state of the art Inoocporating the latest research results 
in eartfaquaike engineering, the ocgaaiaatlonal phase of this projset was zeeeiitly emr 
pieted and it is anticipated tliat initiation of tbe work to develop the pieoviaioas will 
begin in July 1974. 

Since it is intended that the provisions trill be national in scope and adaptable for 
isplsaantation by eidsting aodel code gxoi^ and consensns standards organizations, broad 

based participation in the project was necessary. For this reason, two groxips were estiib~ 
lished to participate in both organising the work and servuig in an advisory capacity 
throughout the course of the project — a SalSHic Design naview Group (SDRC) and a Building 
Gods Oonsttltant Groqp WXG) . These two grotipB together with JISC, MBSr and Msr detendaed 
the OEganlsational conittee structure and week stataautts Cor tbm eaailtteoB to be 
ediaxged with daweloping the proviaioas. 

The SDRG is conprised of national autiMMCltlM in earthquake engineering retptenntlng 
both the design profaaaloB (architected eng in e»g»> geologlets) and the xeseaindi coeMnltv. 

They %irill participate tn tlM teduiieal areas of the program. Ifie BOOB eonslsts of eods 

enforceaient officials from throughout the U.S. representing model codes and state and local 
regulatory groups. This group is charged with advising on the structxiring of the format 
and oemtant of the mew pro«islMie as related te iaplemaneafeien. 

nie organisational structure established by t)iese groups to develop the new provision* 

is shown in Figure 1. A total of five task groups each wi th a number of cocnmittees has 
been fomad. An objective and brief work statanant for each group is given in Table 2. 
Detailed lists of topics to be considered by eadi oeanittee and apaeifio questions to be 
resolved have also been developed. 

Referring to Figure 1, the numbers in parenthesis following each coiwnittee indicate 
the number of consiuttee members. Approximately 90 individuals will be involved in the 
project. In selecting the committee nanbers, breed hased participation from the stand<^ 
point of technical disciplinee (geology, seismlogy, sngiasexing, architecture, etc.) 
and geography will be oonaidered. Balanced partioipation by deaign proftoslonal and re- 
sear^rs will he prevldad. 

Moognising tiuit ths warioos areas considsred by each conmittee are inter-related, 
pcDviaiona liawB bean aade for appropriate iataMCtioas in developiag the various portions 
of the provisiaas. sisdlariy, the provisictta deselopsd by eaidi nnwil ttas will be reviewed 
by tflia two advisory groups* HBSt and the SBIOC Seisaclogy CoMdtfeea, 

In carrying out the project, provisions have been made for maintaihiag liaison with 
the design professions, public officials, and other gxoiv> to iafozs thm of the develop- 
ment of the provisions and solicit their coniients. 

A time period of eighteen months has been established for the work with an antici- 
pated eeepletioD date of Prefer 1975. 
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CXWCLUSIOH 



The activities described in this paper represent the first step in the icvelopjuent 
of iinprov«d building practices in the United states to roitigate losses due to earthquakes. 
After ccmpleting tlic design provisions, a continuing effort vill be required tc keep tl;ein 
Vpdated incozpoxating new knowledge as it beoomea available. In addition, a substantial 
fldueatloRBl mttort ihonld te laltlatad to pcMsnt the pxovlsions to doslfn pxofMBlaoals* 
dlaeuM tholr Intoxpntatioa* and faellitato appx«priat« lnvleBBOtatiaa. 
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fBST bdizahiqs fOft rbspohsb sracnoN fdovisigiis 



1 $ 8tori<es 

Ductila xAinforcad ooncxeta ttmm 

2 19 -tcriov 

Steel frame} moment resistant in one direction 
Braced la tiM otiMV dlMotioa 

3 10 stories 

Reinforced concrete frame in one dinotiaa 
Shear wall in the other direction 

4 14 stories 

Shear wall 

5 7 Stories 

SbMur wall 

6 2 Stories 

StMl fraae td-tfa mctleal bcaeing wamtmm 

7 3 StprlM 

MMraaxy atmmr wall iiith eanacata-Bttal tfaeklng diiipiiraji 

B 9 stories 

Shear wall with vertical load-carrying concrete frane 

9 1 story 

Tilt-up, plywood diaphraga 

10 a Storiea 

Noownt xeeietant steal frane 

11 1 story 

Maaoaxy plyaood dii^pliragB 
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COMMITTEE WORK STATEMENTS FOR DEVEUOPMEHT 
OF COMPREHENSIVE SEISMIC 0E5XGI1 PROVISIONS 

Tslfc Gxeiv Mo. 1 - OBflnltloa of seinie inpttt 
BPffiiiaMtlna 8iliM>Toqy Co— ttt— 

Objactlfvt To dswlop tlw oonoepta involved and to describe the 

for selecting and describing the earthquake ground notioM to bO 
used in der, ign, and £o£ l^yin^j out Ute Lmsi-jtl H^ti. 



Stmt«Ment of Norkt 



Mitb due consideration of the regional geology and tectonio 
structure, distance fron active or potentially active faults* 

historical records and geological evidence of the location 
and intensity of r«gional e«krthquaXes, and the recurrence 
interval between major earthquakes, develop aaans of daerae> 
terlsing the earthquake ground notions that should be uaed 
for both dynanic and pseudo-static design. 



Site and Fowidatlon Effects Oonmlttee 

Objeotlvet To develop the oonoepts involved and to describe procedures for 
evaluating the factors ttat af f^t ground sotlons and stabili^ 
at m site. 

StataiMit of MOrki Oonsideratioa should be given to all possible site snd foun- 
dation factors that affect r-otion intensity, notion frequency 
distribution, and soil-structuxc in;.uraction including! 

Distance from seisnic source 
tranrel path fron sovros 
Type of seisale sooxos 

site geolo^ both vertically and laterally 

other factors as listed in the attached Guidelines 
to Oeologic/Seisaic S^portB 

■lak Analysis Conmittee 



Objective: To develop the concepts involved and to describe procedures for 
evaluating the salsaie si^osnze and risk petantlsl £»< a glvaa 
site* acaaf or region. 

Stataaaat of WOZkt Evaluation of seismic risk should ta'r-.e into account the 

available seismological and geological information perti- 
nent to the oeonrrenoe of eerth«uakes. tlie p«ebability of 
earthquakes of various magnitudes occurring near a building 
site, and the probability of ground shaking of various in- 



tensities at the site should be considered. 



(A structure 



at a site where strong shaking is to be expected once in 
500 years should not hava the saaa seisale dssign criteria 

as a structure at a site where such ground shaking is ex- 
pected once in 50 years) . The evaluation of seismic risk 
should include consideration of special geological condi- 
tions such as proximity to a major active fault, extreme 

of eooDdatioB soil (^1* huf and, ate), potantlai 
ir or potential aeil Uqiwfaetloa. 
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A pegfoM ance crltaria i^ptable for a boiUlng code 

should logically be basef? on the notion of ar-cpptahle prob- 
ability of experiencing damagt^ aor© severe than some speci- 
f-led iecrree of danaqe. Seismic Design Zoning Maps should, 
thecefore, reflect not only the probability ot ground abak- 
in9 of variooa intanaitiaa, bat ataoold alao roflaot tha ae- 

ceptablG prob^billtj' of excfe>iir.g a specified level of damaga. 
Level of danacie should relluct Ixfe safety considerations, 
and for critical facilities should also reflect maintenaaca 
of function, and should be based on typical atmcturaa. 

The analysis of seismic riak encompasses two separate 
aspects: the rel^tiv^ risk csxposure for different seismic 
areas and the level of seismic risk to structures which will 
ba oonaidarad accaptabla. Gonaiderlng all avallabla infor- 
natlon audi aa hiatorieal raoorda, geologic InfonBation, and 
regional tectonics, develop procedurob for estimating the 
pr<^abiltty of occurrence of different levels of earthquake 
motion at a site or araa. Tr. conjunction with Task Group 
Ho. 2 and utilising available data« devalop nethoda for aval- 
uatlng tba atfaeta on atrnetura daalgn and eonatmetioii of 
, tha diffarant notion lavals. 

Vaafc 6roi4P tto. 2 « Structural Bahavioc 

structural Design and Details Committee 

Objactive: To develop detailed seismic design provisions vith appropriate com- 
mentary, suitable for adoption by building oodss in all areais of the 
Dnitad 8t«ta», fox tha structural design and ragnired details for 
earthquake reaietant design In ooneretet aatalB, tlnfaarf and naaonry 
considering material prorertlas* oonstroetion sspabilitiee, and nan* 
ber stresses and ductilities. 

Statwant of flockt it is assumed that other task groqp oaoMlttaaa will define 

the appropriate design ground notions, effects of seil*struo» 
ture interaction, level cf risk, importance considerations, 
and the structural analysis m^^thods required to determine 
wsrtrsr and element forces and deformations for design pur- 
poaes, including the effects of setbecks, sudden changes of 
stiffness or nass, torsion, end tteee^duMnsioaal loadings. 

Determine and define the appropriate material design 
Sttasa or deforaatlon levels required to achieve suitably 
unlfocB factors of safaQr and the required level of ductil- 
ity acSileMebla with various naterlals. Define the details 

of construction necessary to achieve tlie required ductility. 
National and regional material specifications may be used, 
but detailed suppleoMnts must be added to Mka the seault 
suitable for use in selsaie regionfl. 

Typical requirements may be quantitative design require- 
ments for collector bars, trim bars, degree of tying eleaenta 
of a structure together, panel sones, P-A effects if large 
ductility factors an pennitted* apecific requirements re- 
lated to amdiorlng parts of a building together (parapets, 
tilt-up walls), diaphragm action, and accompanying details, 
necessity for cooplete force path, etc. Criteria are also 
required for slhear vall design^ Interaction of walls and 
fraoaSf dlfferenoos In perfomanoe of various fraaing aatiiodSf 
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basement wall pressures, necessity for or design methods for 
transferring ground motion to structure (pile bending), etc. 

Structural Analysis Owittaa 

ObjdeUvst To develop methods for deterjfiining tlie design forces and/or defoms- 
tions in the neoibeirs and joints of structures caused by the action 
of the apeeifiad tx^^q^atkm Input* 

Stataanit of Morici Nathods tfhall ba davalopad to dafina valuaa of aarthquaka 

response quantities included in the structural system which 
are suitable for use in design, since the design earthquake 
nay pxoduee structurel stresses or strains which are signif- 
icantly 9raatar than tba alaatic liait of'ttia Bataxiala, tha 
MBtlioda atiall ba eapabla of zaoegnising thaao eondltlana. 
Emphasis shall be placed upon approxinata analysis procedurea 
because the approximate nature of the design earthquake pra- 
eludes any exact analysis, but different methods ahall ba 
apacifiad for varioos claasas of strncturoa dapandlag on tlm 
coaplMtity of thmlr dynamic response. 

In order to ej^dits the work of other Task Connittees, 
tiia stvoetiival Jtaalyaia oeaaittaa dieiild aa fixat priext^* 

decide on the general types of analyses and conditions under 
which they are appropriate. Those results should then be 
disseminated to the others. The Conunittee should then tan 
to developing details of the analytical procedures. 

8ojU>«S^niict>ira mtaractlon Oflttaa 

Objaetlva: To develop procedures for determining when soil-structure interaction 
affaots are significant and design provisions to provide for asms. 

Statanaat of IfOClct Under certain cor.ditions, there is significant interaction 

between a building and the soil on which it bears. In effect, 
the soil and the structure together constitute a system that 
raaponda to the fraa fiald aaiaaie sotioa. Mhaxa the natural 
parloda of tha atxuetura, «han aaataed to ba on a rigid baaa, 

tend to coincide with one or more natural periods of the 
supporting soil, there may be greatly increased amplification 
of the building's response. The dynamic charactaristies of 
of ttm building nay ba aignifleantly af faetad by tha co^pU- 
anca of Hia aoil. in aoan caaaa* the building nay affact 

the soil as, for exainple, the might of the building or tint 
rocking of the building may cause a decrease in ultimate 
aoil bearing pressure when there ia aacess pore praaaara in 
tb9 nateriad from liguafaction at lonar lavala. 

Qualttar ifcwuranoa Qoanittaa - Structaral 

objaetivei Vo prepare a at«te-o^tiie-art report and qinall^ aaauranoa proviaiona 
regarding* 

1. Quality control of atrttetural Mtarlala at tiia aanifaeturar 

and in the field. 

2. Aeoeptabla toleranoea in fabrication (ahop and field) and 
on-site construction. 

3. Inspection — qualifications, duties, authority, and responsi- 
bility of inapaetora and of daaign angiaeer* 
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StataBBfit of Woviti The effectiveness of a design is only as good as the oater- 

used and quality of the actual construction. The Com- 
ndttae shall study pvasant naterlals and procedures, develop 
preferred specifications and procedures, and present saMS Itt 
focMt coaf>atibla with those used in building codes. 

Task OcoKi? Mo. 3 - Maa>st»ietural Coaponenta 

Arehitaotngai gytaas OnMlttas 

Objeetlvai To study the effects of aarthquake-lnduoad structural deformations 

on architectural systens and to develop apprqprlate design guidelinsa 
and provisions to ainialBe life-safety ralatad daawga to ardiitact- 
ural syatHM. 

StatcMsnt of Workt llta OoMittaa ahould considar in tiMlr dalibasations sal8id.e 

design requirements affecting arddtactural OCItsidSzatlons 

including the following: 

1. Sisa - Should there be limitations on undivided 
floor arsasf should avb-buildlngs bo ocM* 
sldsxodi ara ^vaia rastdetions af^lieiblaT 

2* ffhap^ - should there be limitations on proportions 
of areas and volusie} should sub-buildings 
ba oofisidaved horl s o nt a lly and vartleally? 

3. Dimension - Should there be any ultimate limitation 
on dimension; should there be cxsnditioaa 
that would reduce such liAitations? 

4* Circulation - should egress requirements be restatad 
as to protection offered — distance, 
nuntoar of ron«asT 

5. Hataiials - Should typa of aatarials uaad rastriet 

other limitations? should chemical or 
physical properties restrict material 
aalaetioo? 

e. OatalUng - Siould finlah aatarials ba eeonaotad 

to structure? Should strength of con- 
nections bo controlled? Should provi- 
sions be made so that structure elements 

can nova iodapeadantly (within liaita) 
of oladdlacf, partitima, caillagaf aad 

other non-structural elements? Should 
secondary attachment systems be required 
or la a aiagla aaeiiaraga iiyataa adaqiiataf 

7. Bquipaaat > Should aovadbla agutfant ba rastrletadf 
rtwuld sgiilnasml dsaign ba eantrolladT 

8< Danaga Ooatrol SystasM - should self-contained alaCB 

and/or stvport and/or a«-> 
tlagnlsihar systaas ba ra- 
qulradT 

9. xntaxralations - should options be given the de- 
signer and/or client throu^ aa- 
laetloa of syateas af faetlag otbar 
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requirements? What about effects 
on adjacent buildings or people 
ontBitfi tlM building? 

Midlltlcal-Blectrical Systems and Equipment Committee 

Objective: To evaluate problems involved with life-safety as related to mechan- 
ical dr.d electrical systems and equipment, to determine which systeas 
and equipoent should be si^ject to selsnic resistant design, and to 
dBvalop d(Mi9n provlviau eaoalstant with dMlga l«val> (or q^Mlity) 
8iP«ciClad tor tbe balMlng stmietim. 

StfttMHaft of Nbcks The Committee should rnake a detailed review of damage data, 

existing provisions, if any, now listad for seismic-r««l«tant 
dMlgn «ad da«alop aoiaale dMlgn guJdiliMS and provialoiw 
for llfe-safMy oystMW. 

Present efforts shooU bO United to mechanical and 
oloctcic«l 0f»ttim that ar* si^vportlvo to tba building func- 
tion, i.e., hsatin?, vmtllatlng and air oondltloning systems, 

elevators, emergency power (for essential systems), light 
fixtures, etc., and curative systems for critical facilitios. 

consideratiooB should be given to struetuxo^ayataa (or 
equipment) intaractloB or ooupling, «]uip«aiit or systaa re- 
sponse to dynamic notions, iatarOOtlOM bSCMOOD aquifMMlt, 

and better detailing. 

Qoali^ tesuraitoa Ooswittso " tec!hitactural« liachantcal» and Bloctrical 

Objootlva* To develop tile concepts involved and to describe procedures for en- 
suring effective quality assurance for Architectural-Mechanical and 
Blaetxieal aystaas and/or aqnipMBt. 

Statement of Work: The CoEiciittce snouid study present quality assurance proced- 
ures to determine whether or how they should be modified or 
expanded to onsura that design, fabricatioot and ooastruction 
or axdilteetoral^BBdtanleal and aleetrioal eyetaaa and/or 

equipment will function as contemplated by the design pro- 
visions develoyped by the other Task Group No. 3 Coonittaes. 

Task Gxo<v No. 4 - l4.ai«on and Foxaiat 

Liaison and ingowMitien Piase«iaatioB C3a— ittea 

GbjootiVBi to assist the Yask Ccaaittees in developing liaison with design 
professions end poblio officials so as to Infbm i^mm of tiie develop- 
nent of the design previaiona and to solicit tiieir cewwnts. 

Stateiaent of Horkt The Conmittee should work with the other Task Groups and 
Coonittees to ascertain their progress and to develop ap- 
propriate aaene of infozitiog the design professions » public 
officials, and the pidklic of the developMnt of ttese design 
provisions end the potential future benefit froi oslng tiiaai* 

Hie OosNdttee Aould oonsider the need tor Infoniag 
the many intereeted gro«vc on a tinaly basis. 
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Cbjttetiwt To mSLt design ptoviaions prepared by other Task Gz(hi{>8 CoRBittees 
into «dltoxial foxnat eovfttlbla nith tlio*« used by building ooda>. 



Staibnant of Workt fbm QoaHlttee aliall work with the Balldlng Code Couraltants 

6nM9 to develop a format outline and distribute same to the 
Task Groups and their Conmittees. Tba Coonittea should as- 
sist Conuiuttees as required and edit draft ■al'Tt el befoK* 
issucuice to outside groups. 

Oroqp Ho. 5 - Bxietiag Bolldinge 

intyeetiott end Bveluation of Pewanw 



Cbjectivet to develop pxooeduves mod orituria for aaaeeaiog tiie ettuetoral safety 
of hoi Idinge aobjeeted to earthquake ground Botiona. 



Stataaaat of WMk: it is often difficult to quickly inspect and fully evaluate 
the struetural safety of a building and its c o apo nen te after 
it haa been avbjeeted to aigaifieant aeisnie groiaid notion. 

It is necessary for the protection of the public safety tJiat 
orderly and efficient procedures be developed for inspecting 
damaged structures and determining %irtiether or not they are 
aafe for buaan oooqpaaqy. There ia alao a need for develop- 
ing pcQoednzes foe eivaliiatiag tlie danage in detail to dater> 
■ine whether zipaiz work ia required. 

Procedures and criteria shall be developed by which 
bttlldinga can be intfpected and d— age evaluated so as to 
deteraine idiether they are safe for laaMdiate oecupeney. 

Procedures and criteria shall also be fomulated for assess- 
ing the extent of the damage and the amount of structural 
repair required. 

Repair of Earthquake Damage Comittee 

Objective! To develop procedures for detexmining the extent, type, and adequacy 
Of required repairs of earthquake -daaaged buildings and eonpoMnts 
ao as to ensure life eafety. 



StStoaan^ of WOZkt Procedures and criteria shall be developed for determining 

the extent, type, and adequacy of repairs required to ensure 
the stmwtnral stability of earthquake-damaged buildings and 
oospooents. Mpairs to both etruetucal end neostnctural 
elements shall be considered where their failure or instabil- 
ity under normal or earthquake conditions oould endanger 
life safety of occupants or passer-bys. 

Bvalttation of adstliMr Bnildinaa OoaMittee 

Objeetlvat To develop procedures and criteria for inspecting and evaluating 
existing buildings and structures for possible structural inade- 
quagtss that oould endanger life aafe^ in tJie event of an eartta- 



Statanettt of NbriCt a large proportion of existing buildinqs were built before 

adequate seisnlc design standards trere developed and connec- 
tions r tlss, aortair, sto. have detsrlorated. Muqr of these 
buildings have conditions that are potential safety hazards 
in the event of an earthquake. 8neb conditions may vary 
froei ninoir appendages to parapet walls to ^ ratire struetnrs. 
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prevision* shall b« developaA ^•lif>— ting pxooadurM 
and criteria to bo Collewad In walvatiiig auob pot an tlal 
haxards and datoamlnisg tlw axtant of stmigtiiaiilag 

required. 

StcMiqthanlna of H««ue<tou8 Pulldlnga Condtt— 

Objactlvat To develop nini.T.un standards for strengthening of exis'ting buildingSf 

outline priorities for strengthening based on potential hasard and 
fonMilata pzoeedims for evaloating tiM adaquaey of pxepoaed stcength- 
oning aaasiiraa. 

Statmant of WOCk: other connittoes j.n Task Group No. 5 have the resr-ons ibility 

for developing procedures and criteria for inspecting and 
«valtiatlii9 aartbqaaka Smaqm, rapair of audi dmmgm, and ln> 
spection and evaluation of existing strtictures for potential 
hazards. This Comnittee shall develop ininimun standards for 
strengthening structures which have been determined to be 
eitber baxardous or inadaqwata for aarthquake rasistanca. 
Pzoeadnraa for aatabllahin? poaalbla prioritlea fbr atvangth- 
enlng based on degree of potential hazard or life oxposuro 
shall be developed. Provisions for evaluating the adequacy 
Of p gopo a ad atrongtiianlAg ■aaauzaa iiiall alao ba fonmtatad. 
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HIND UWZNG AMD HODERN BDZIBING C0DB8 



by 



E^il Simiu 
Structural Reseaurch Engineer 



R. D. Marshall 
Structural ResMrch BngliMar 



Canter for Buildio? Technology 
National t^'jreau of Standazds 
Washington, O.C. 



The differences between the dynamic alongwind responae* the gust factors* 
and the total alongwind raapanaa obtained using various current prooedures uy 
in certain caaea be as high as 200%, 100%, and 60%, respectively. The purpose 

of this paper is tt investigate the causes of such differences. To provide a 
fruamorK for this investigation, the paper presents an overview of the questions 
Invol'ved in detamihlng alongwind structural responae* and a critical deacription 
of the baaic features of procedurea eurcently in use. A eavariaon is made be'-' 
tween alongwind deflections of typical buildings selected as case studies, cal- 
culated by both new and traditional i-rocodures, some of ■»/hich are described in 

various building codes. The reasons for the differences between the respective 
xesttlta are pointed out. The procedurea ware evaluated on the basia of a recently 

developed nethod which utilizes a logarithmic variation of wind speed with h^ioht 
above ground, a height-dependent expression for the spectrum of the longitudinal 
viiiiJ ^-:p•.;•f'd fluctuations. The roerhod also allows for realistic ercaa^ooRelaticna 
between pressures on the windward and leeward building faces. 



Key Hords: Building codes; buildii^s; deflections; dynanic response; gust factors; 
structural englneeringf wind loada. 
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Vollmring an iAcrMwing reeognitlon of th* laportuioB In tall buliaing design of th* 

dynamic effects due to the gastiness of wind, several procedures for coiifiutlng alongwlnd 
response have b«er. proposed m tJ^ie last decade (fa. Id, 24, 25) . Twu of these procedures 
are described in Ref. 1, herein roCerred to as the AS8.1 Standard, and in Refs. 5, 11, 
harain xafaxrad to as the NBC. Tbo poxpoaa of thaaa ptooadmcaa la to calciOata aquivalent 
■tatie loads «hoaa affttct vpaa the structure Is Uie mnm as that of the gusty «dnd. 

Foe a ^iven structure in terrain of given sj^sure and in a given wind climate, it 
might be expected that roughly oo^parable equivalent static loads (aDdf tbersfecSr eospar' 
able valuBs of the calculated sevonse to wind) will be obtained regardless of what nethod 
of eoaitutation is used. This, however, is not the caset as has been reported before (25) , 
Copending upon whether tl'ie procedure described in the ASS.l Standard sr m the NEC is uaed* 
values of the response that may differ considerably from each other are obtained. Such 
differences may be as high as 50% or atOKS. An Investigation into causes of such discreip- 
anciee is thus believed to be in ecder. 

Such an investigation is; tlio intent of this paper. To provide a framework for tlie 

investigation, an overview of the question of alongwind structural response will be pre- 
sented first, ihls will be followed by a ooaparetlve analysis of tbe verious procedures 
presently in use. A cooparison will also be preeented between response obtained by these 
procedures and that obtained by assuming wind loads traditionally used in structural de- 
sign ar.d specified by various building codes. On tlm besiS Of tlieSS OOSlpSriSaQSr Sn as« 
sessoent will be made of the procedures analyzed. 



KLONGWIND RBSPONSE: Mf OTEFVIEW 

As a framework for tbe evaluation of current procedures for constuting alongwlnd re- 
sponse f an ovsrview of the guestions involved in detexainlng sash reeponee is presented 

in the following. These questions include the relation between alongwlnd response and 
wind pressures, the relation between wind pressure and wind speeds, and the definition of 

wind sptiods as functions of height above 'ground, roughness of terrain, clitnato and do- 
aired level of safety of the structure. A suimiacy of relations defining the alongwlnd 

response in tenns of neehanleal and envlrorassntal partawters will also be pcesented. 

Halation Between Alongwlnd Response and Fluctuating Wind Pressures 

Zt is known from elementary calculus that a periodic function may be expressed as a 
susi of fluctuating baxmalc coeronents with diserets frequeneies. Its asan sguare value 

can then be expressed as the sum of the square of the anplitodes of the harmonic oo n pon- 
ents. Similarly, a stationary random function F(t) may be viewed as a superposition of 
fluctuations of frequencies n, with n covering the entire interval from zero to infinitYf 
while its mean square value may be ei^essed as a sum of contributions associated with 
these fluetoationsf i.e.i 

r2(t) - / Sp(n)dn (1) 

o 

The g>aantity Sp(n) is a measure of the magnitude of the fluctuating component of frequency 
n and is known as the npeetral density finction of P(t) . 

Ocmsidter a linearly elastic structure subjected to the eetion of a atationary random 

force Pp(t; of known spectral density Sj, (n) and applied at a point P. The spectral den* 

sity of the fluctuating deflection a' (trat some point N of the structure can be shown 
to be (16) 

S^(M, n) = H*(M, P, n)H(M, P, n)Spp(n) (2) 

in vrtiich UIM, P, n) - mechanical admittance - response of the structure at point M due to 
•etion at point P of a unit oosvIsk baxannic force i and H*(N« 9, n) - eeeples oonjugate of 
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If til* struetucB Is «et«d upon by two stetionazy randoa fOM*a Fp. (t) and Fp.(t) ap^ 
plied at points p^, mpactitwly, tb* qpaetral damlty of tli* rwapoMa A'OCf c) eam fa« 

shown to be (16) 

s.<M, n) - u*(M, P, ii)H(M, Pi» »)8.„ (n) + a*(N, P., n}BOi, Pj, a)8- (n) 

♦ H*(ll, p^, vium, P2. »)Sr„ Fp (n) * H*(ll. Pj n)ll(M, Pj, »)«- - (a) 

(3> 

m which S„ „ (n) = uross-spectraJ. density function of t'n (tj and Fu (t) . if (t) = 
^Pl^Pj '^l ^2 

'92^^^' 'p " MBthod* for oa^puting Sp^ (n) «r* d*»crib«d in Mft. 

4, le. The itr.agir.ary part of the cross-spectral density function is known as the qtiadratxtr* 
spectnun and has been found by nBasureaent to be negligibly snail £or nost wind engineering 
(6, 8, 24, 2«). 



If tlw quadTAtUM apaetnai ia negligibla, it ia ooaivaniaBt to ai^iaaa tba 
tral daaaity of tuo fwetlona P. <t}, Pp (t) in tha fom 

a_ , (n) - S^l (n) S^/| (n) iu(p,, p,, ni (4} 
^Pi'pa *^Pf 'pa ▼ A * 

in whi ch Rp '^i' ^o' the square root of the coherence function and can usually be de- 

termined only on the basis of eiqperiMnt* RpCP^* ^2' ^ measure of tha extent to 

lAlch the functions Fp (t), Fp (t) are correlated, if thaae functions are perfectly cor- 
related (e.g., if Fp^(t) = Fp^Tt)), then Rp.(Pi» = ^' 0**»erwise, Rj.(Pj^, Pj, n) < 1. 

aquation (3) can easily be seen to reflect the obvious fact that the response due to two 
torcn increaaaa aa tliair oorralatioa ineraaaaa. For aaapla, aaaiaidag Sp (n) s Sp (n>» 

1 ^2 

S^(M, nj will be twice as large if *<p(Pi» P^' n) = 1 than if R«(P,, V^t n) = 0. Poorly 
corzalatad xandoB faceaa My ttitia ba tikouifht of as foxeaa ablen, in a aansaf wosfc at — 
purpooaa^ 



If a distributed statlonaxy randoi loadlnig la appllad to an axaa A, Bquation (3) 

be generalized (16) : 



S-(M, n) - / / H*(M, P,, n)H(M, n)S (P,, Pj, njdAidA, 
h A • f 

- / / H*(ll» n)H(H, Pj, n)sl^(Pj, n)a*^(f2» "'"^Wl* *2' n>*l«2 

A A If r 

(5) 

in aiiidi P^, Pj = oantara of alaaental areas A^, 4^2? ^p(^i' ' ^p^^2' ' ^p^^l' ^2' 
spectral and cross-spectral densities of pressures at points P^^, Pj; •Vj'P^' ^2' ~ 
correlation coefficient - square root of coherence function. The mechanical adbaittance 
fianction iaaesyozmtaa the pacaeMtan deeoriUag Idft* neelMaleal PM^artlaa Of tha 

and nay be aiqpcaased ast 

H*(M, Pj^, n)H(M, Pj, ri) ' II 



T s lenVi M n^2 

Cl - n*A»?>Cl - n^/hf) + 46,63 (n/nj.) (n/n^) 



(6) 



1(1 - nVnJ)^ + 462n2/n^ll(l - nVnJ)^ + H^a^/n^] 
in whldi 11^(11) « My* n^t ■ aodal abapa, gaaarallsad aaaar nataeal fxaqiiancy and daapiag 

IV-i29 

Digiiized by Google 



ratlOr >Mp*ctimly, In «fa« ttsd*. Tor « building of iMight B 



- / H J(»> »(■)«! (7) 
o 

where 2 - height above ground and n{z) = mass of structure pfer unit height. It follows 
froi& Equations (1) , (6) , and (7) that tiie mean square value of the fluctuating response 
of a linearly elastic structure c«B hm obtained if, in addition to tb» gvoBetry and tli» 
«ach«nlc«l pcqpartiaa of tbo stnietur* (maas dietrUautlon, nodal Cliapeet aatttral f r e qu m^ 
oiUf and diHping ratios » inelndin? aarodynodc danpin? wUch oan ba dataminad aa Aeim 

in Ref . 26) , the spectral density function and the cross-c-orrelation coefficient of the 
pressure fluctuations are known. As will be sho%m subsequently, these quantities can be 
datandnad using basic aerodynamic considBrationa and xalavaat iafbnatloa on tha eliaxao- 
taciatica of tha ataoaphaza bovndaxy lay«r. 

iaKodynaaic Cnnaidarattcnai Rslatloii Ba t w aan Wind Piaaaugia and wind gtaada 

lha pzaaauze acting at a point P of aJ«yation s en tba auzfaoa of a building iaMcaad 
in a flow vAiA haa a ataa^r valoeity t(s> ■agr ba aaqpraaaad aa 

pCP) - 1/2 P<^(P) «3(s) (8) 

In thia uvcaaaien ■ undiatnibad aaan valoeity of tha flewr l*a.» Ita valoeity at a 

sufficiently large distance upwind from the building, and C is a dlmensionless mean pzaa* 
sure coefficient. For blunt bodies in turbulent flow, C_(py can usually be determined 
only hf evexiMnt. 

For tba windward and laawaxd aidaa of a raetangolar tall building, tha aaan praaaure 

coefficients specified by the A58.1 Standard are C^^ » 0.8 and " - 0-6, respectively. 
Wind tunnul aecujurecwnts reported by Baines (2) suggest that these values are, on the 
average, conservative. Also, measurements indicate that mean pressure coefficients foe 
fnll-scala buildings are anallar than those obtained in wind tonnal testa* i.e.« axe 
alightly daoraaain? AmatioM of nayneld* awtoar {11). 

An extension of Bcjuation (8) to include the effects of velocity fluctuations takes 
the f om 

p(P) - pCP) + p'(P) - 1/2 <iCp(P)rv(a) + vM«)l* ♦ l|>C^(P)B(a)v'(a, t) (9> 

in which p'(P) and v' (z) ■ pressure and velocity fluctuations, Cj|(P) = added mass coeffi- 
cient and B(z} > width of structure. The last term in Equation (9) is Icnown as the added 
■ass term. The question of ita relative inportanoe in Equation (9) baa be en enenined by 
Vicfcary and Kao (26) . On tba baaie of wind tunnel praaaure naaaurenenta (8) , thaaa 
writers shov,od that in determining pressures on buildings the added niass term may be ne- 
glected. The contribution to this term of its low frequency coB$>onents is insignificant 
because the accelerations of these components are very small (26) . To explain the eiqaarl** 
■sntal results of nafa* 8 and 26, according to which the eontribation of the hi^ fre- 
quency o oapo n e n ta ia alao negligibla, it any be argued that, while for tbm email addlas, 
the accelerations are large, the corretiponding added mass coefficients are very smII . 
Indeed, while in the case of an infinite mass of fluid being acceleiated witi. reapect to 
a body C^^ Cp, in the case of a turbulent eddy the accelerated mass is of the order of 
the eddy •is* And, therefore, decreaaea as tha frequency increaaea. Thus, naglacting the 
added naaa tans, it CeUows ftoai Bgaations (8) and (9) , 

p'(P) - PCp(P)v(z) v'(z)[l + 1/2 v'(s}/7(j!)l (10) 

If v'(s}/v(s) is smU (i.e., v'^(a)V2/v(a) < 0.1) and the linear diaanaioos of the 
body are enall ooapand with the langth eharaoterietie of the tuzbulanoa, tha aaaiaption 

that the non-linear term in Equation flO) may also be neglected is co nfirme d by_indireet 
exparinantal svidence (3). In the atmosphere it may b« assumed that v l/2/v(z) " 
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2.54 u,/2.5 Mt,[l n(z - 2.^)/z ], in which u^, z^, = frictional velocity, zero plane dis- 
placement, roughness length, cespectiveiy (13, 18, 19). Thus, for tall buildings this 
ratio is o£ tin order of O.OS to 0.3, depending upon building height and roughness of tar- 
xmin. AlaOf ■acNipt iA th* emmm of •I«uidar« liaa-like stzoetuMB* tiM ratio of building 
dlmmion to scala of tozbulenoa Is not MoasMrily very saiall. Qttstlons may thus arise 
as to whether the non-linear term may be neglected in the case of buildings with typical 
widths in atmospheric flow. Practical difficulties^ have prevented so far the carrying-out 
of slaniltaiMoas fiill-soale naasuMMnta of p* (P) , v(c) , woA (s) • Bawvwe, wind tunnel 
measurements have been performed (7, 26) and appear to confirm the assunption that Equa- 
tion (10) may be linearized. Also, the effect of the non-linear term was analyzed in 
Ref. 23, according to which the contribution of this term to the fluctuating alongwind re- 
sponse of a 300 D. tall structure appears to be of the order of 5% (i.e., a contribution 
to the total alongvind ceapattse of abeot 3%) . it thue appears that ttie linearisation of 
BiMntloB (10) Is accivtAle and that 

PMP) • Cp^Cs) v'<B> (U) 



Msearoh aiasd at developing an iopzoved model of the relation beteeen alongwind 

fluctuating pressures and velocities is clearly desirable. It appears, however, that 
Equation (11) may represent a reasonably adequate engineering model for this relation. If 
BvMtion (11) Is usedf it eoUons 

Sp(Pj, n) - (^3lv(«j)v(z2) S^CPi- P^' 
in which the cross-spectral density of the velocity fluctuations can be written as 

S^CPj^, Pj n) - sV2(p^, n) s^/^iv^, n) R^CP^, P^, n) (13) 
It fioHoMS fxoB agnations (5), (12), and (13) that l^(Pi* Pj* n) = i^C^i' '^^* 



If Bvnatlon (11) la applied to ea^reaa tiie preaenres on the wlndeeEd end leoeerd sides 
of the biilldlngi 

- C^v(s) V (s) (15) 

Pl (P) - Cjv(s) V* (s) (16) 

As noted in Ret. 17, in reality the flow in the separation bubtle is quite dissimilar from 
that in the oncoming flow. Measurements suggest that the fluctuating pressures on the 
leeward side are smoII ooopared to those on tbe windifard side and, therefore, that Equation 
(16) may be slightly oonserrative. 

Planetary BouTtdary Layer Flow; Mean Wind Speeds 



The mean wind speeds used in design depend upon roughness of terrain, wind climate, 
and deeired level of safety of the structure. 

The roughness of terrain determines the shape of the mean velocity profile which can 
be dhoMB to be given by the relation 

S - Sj 

▼(s) • 2.5 tt« In ' " (17) 

^o 

in which u, = 0.4 v(Zj^)/£nl(z^ - •d^'^'^o' *1 some reference height. Equation (17) 

is the well-known logarithalo law (14, 15, 18) and values of z^, z^ are given in Ref. IB. 
It 1±M terrain is unifora over a sufficiently large fetch, Bqpiation (l8) is valid up to 
a height 



,p 100 v(z)/lnl{x - z^)/z^] (18) 



in which v(s) is stressed in units of length per seoood (IS). Por exanple, if " 0.07 
s^ • 0 (open texreln) and s - 9.15 ■ (30 ft.), v(z) - 35 mT* (" 80 qpb), then ' 720 n. 
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For a given an^l* of latitude, the geostropic wind speed (the wind speed in the fre* 
ataosphere, flowing imdar bwotroplc conditions «aeng •traight laoibim) i« dAtanained 
solely by the raagnl tilde of the preamire gradioat force. Hear the gzound, however, tba wind 
speed also depends upon the roughness of the terrain. To any given qeostrophic wind there 
vill thus correspond mean velocity profiles denoted by v(z, z^, z^) which are related to 
each other as ehown in Figure 1, For exaaple, if over open terrain with = 0.08 m, 

■ 0, the wan^wind speed at Sj^ ■ 10 m is v(e^, z^, z^} ~ 20 m*^ (45 i|ph)« over built- 
terrain with z - q.TB n, « 21 ■ dw corresponding aean wind at s. ■ 43 m can be 
found <Figuza 1) to be vCSj* "^o' • IS.a u'^ (35.5 ^ph). 

The description of the mean wind structure inaorporated in Bgaation (17) and Figure 

1, which will be referred to herein as the sindlarity model, is based upon recent rssults 
of atmospheric boundary layer studies for which a satisfactory theoretical, as well as 
exi^;e-r inv^ntal four.dation, exista. In the A5Q.1 Stcindard and the NBC, an empirical power 
law model is employed. The power law e]q>onents are assumed to be constant \ip to the 
gradient hei^t and are specified for thrae standard tsrrain xou^insas eonditions, classi- 
fied as open, stiburban, and urban. The power law model has shortcomings which may lead 
to results that are not consistent with actual measurenents . An analysis of these short- 
coDiing.s and oo^parisons between the sinilarlty and tlM poMr law andals can be found in 
Ref. 18. 

In the Onifom Building Code (22) , the United States is divided into seven wind in- 
tensity sooes. In the A5S.1 standard and the NBC, the design wind speeds are based upon 

formal statistical analyse- nf wind records, i.e., they are defined in probabilistic terms 
on the basis of assumed probability distribution functions and of specified mean recurrence 
intervals. 

Piaiietar'y BoLindar'y Layer Flaw: LongxtuQxnai Wxnd Speod Fluctuations 

It can be shown that the following ejqpression is a oorreet representation of the spec- 
trtn of the longitudinal wiad speed fliKtoations in the higher fregoeney range and is eon- 

sistent with the requirements that (1) the spectral density mst approach a finite value 
as n 0, (2) the product nSy(P, n) rsaches its maximum at some value of the frequency 
bftlow the inerti al sub range, and (3) til* mmi ■gumM value of the Inagitwdinal Wind ■■ pss d 

fluctuations is v^(P) > 6.0 u^: 

nSy(», n)/ui - 200 f/(l ♦ 50 f)'/' (19) 

in which f « n(z - z^)/v(s) Is known as the similarity (or Monin) coordinate. In Bqoation 
(19) the peak slailarity ooordlnata (the value of f for which ns^(n) is a naslaw) is 
f y - 0.033. te noted, for axaaple, in Refs. 15, 19, in reality f^^ varies ratiwr errati- 
cally bctw-jon altc-s and t^itween atmosphero and laboratory, veil as with height above 
grouxid. Orders of ciagnitade of f are suggested in Refa. IS and 19. The effect upon 
structural response of the variation of fpj^ can be verified as will be subsequently done 
in this paper by using alternative expressions Cor the spectra in tAiich the peak siai- 
larity oooedinate appears as a paraneter. Such eivxessians can be found in aaf . 19 (aqua- 
tions 5f 9, and 10). 

In the AS8.1 standard and in the NBC, as well as in Vickery's procedure (25) , an ex- 
pression for the spectrm of the longitudinal wind speed fluctuations is assuasd which is 
invariant with height («) and thus violates the sisdlarlty requireBents Whidi prevail in 

the higher frequency range f.lA. 15, 15). From a structural engineering point of view, 
the drawback of this expression is t±iat it over-estimates the spectral densities at fre- 
quencies equal, or nearly equal, to the nntwal ftequencies of tall structures and tha^ 
it thus results in ovar-sstiaates of the sasensa't part of their drnandc response (19) . 

It is convenient to eig^ress the ccoss-oorrelation coefficient Ry^Pi* n) in the 

form 

Ry(Px« ^2' '^^ " ^t^l' *1' ^2' *2 
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in which y^^, are the coordlnatefi of point P^ii « 1, 2) in a plane perpendiculac to th« 
direction of the mean wind, Rty^* Kj^, yj* S]' " aeragawini« and N(Pj^» n) ■ along- 
wlnd oomlation ooaffieiant. 



The following «apre88lon fiac iJia acrossvlnd corralation eoaffieiant has bam jprppoaad 

by Davai^port (7) : 



in which 10, C,, 16 t25) . By definition, if the points Pj^, P2 are in the same plane 

perpendicular to the mean wind diraction, H(.S^, V^' - ^- Otherwise, N(Pj^, P.* 

Its ■agnitute dsereaBes aa tba alongwlnd Beparatlon between p^^, p^ increases ana as the 

frequpncy r, increases. For the purposes of Equation (5) , useful in fcriaation regarding the 
naynitudt; of N(P-^, Pji provided by results of measureinent'; of cross-spectra of pres- 

suroQ on tho windward and leeward sides of st_r^ictur os . savh r,'ja;=urcn'»nts, carried out on 
a full-scale building, have been reported by Lam Put (9), who found that NCPj^^, P^, n) < 
0.2 (the suibscvlpts w. t indicate that the points p^^, P2 are on the windward and ueward 
sides, respectively; points r, , V; ani "7 , P2, have coordinates yj^, and Zj, re- 
spectively). Form a cjcr.par iso?( ot the results Of wind tunnel measurements reported by Kao 
{Figures 5.1, 5.19, 5.21 of Ref. 8), it also follws that, except for extremely low fre- 
quencies oorxesponding to eddies o£ negligible energy, N(Pj^, V^t n) is nearly aero. 

JMongwind 



Fran Equations (5), (12), (13), (15), and (16), it toilows that for a building rec- 
tangular in plan, of height H and width B, the spectral densl^ of the fluctuating response 
at a point N is 



8^(11. n) - P*/ / / / tcj + 2C^C^M{n) ♦ C^) H*(M, *x' ^2' 
0000 

v(«i)w(Sj)sy2{»l, n)&^^»2» »'*(yi' «!• ^2' *2' «»)dyidy2*«l^ 

In Equation (22), the identities N(Pi , P«^, n) - li(P^, Pj,' = i# and the notation 
ti(Pi^, p2i' = ^^^W ^2^' - N(nT are^used. 

The mean sguare value of the dynamic response is 

03 

«•*(«) = / S^(M, n)dn (23) 
o 

and the pvdbeble fluctuating response can be written as 

in which the peak factor ia (6) 

g(E) - C21ll».(s)T)^ + O.S77/I21nv^<«)TjV2 (2S) 
T • duration of wind loading and 

v?C«) - / n^s^dl, n)dn/a"^(s) (261 

a ' a 

o 

The mean response may be written in terms of generalized masses and forces ae (19) 

H 

Vj.U) / P(z)i.jp(z)dz 

o 

(27) 

(z) dx 



* r I m(z)u''( 



' o » 
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If the contribtttion at Htm higher mode* of vibztttlott o«ii b« nagleetad, it is conven- 
ient to write the mean iquare value of the responae as, ^ppxoitiiHitelyt the sian of the 
ground" end • "resonant" response (6, 24, 25} . it eollows then ttem Bguatiane (22) and 
(23), 

aM«)2 • P^J(»)(B ♦K)A« ■*nj«^ <28) 

in which the quantities B end K, vdiich are proportional to the background and resonant re> 
sponse* respectively r hanra the ej^rosslons 

B B H H 

B ■ / [fill Jt^tyi* ya» «i» «2» n) dyj^dyadsjasjldn (29) 

o o o o o 
nn^^ B B H H 

K - — - / / / / la(yi» ^2' dyidy2d2j^dZ2 (30) 

•l o o o o 

l»(yir yj. «i# «2' n> " I<v * * (^lu^(Si)|ii(S2)WSiWCB2> 

sy2(p^, n)sy2(p^, n)R{yj^, yj, z^, 

Numerical integrations carried out using the computer program briefly descrUsed in Bef. 19 
show that the opproxiaation involved in Equation (28) ia of the order of 1%» 



The totalf ayminnsB deflection in the alongwlnd direction Is 

a(«) - [1 + g(B} a**(«)^Va{«)l a(«) (32) 

The quantl^ batmen bradk«ts in Viutioo (32) is Imoen as the gsst response faotor. iba 
eqaivalent static load is tiien Hie product of the naan load and the gust rossponse faetor. 

BASIC FEATUBSS OT PSOCSOVStES FOR COMPUTING AUMtCHIND SESFONSE 

The framework described in the preceding section will now be used to discusB certain 
procedures that have been proposed for the calculation of alongwind response. 

Procedure Described in t he ivse.l Standard tl) 

Thp mean -.vLr.d speeds specified for u3esign purposes by the A58.1 Standard correspond 
to 50- Mid iuC- year asan recurrence intervals based on Typ^ 11 probability distributions 
of the largest values. In the calculations, hourly means are used, which can be easily 
obtained if the fastest-mile speeds are knom (24) . The oean presaures on both the wind" 
ward and the leeward sides are proportional to the square of the aean s p e e ds » «hieh are 
assumed to obey the power law. Ttje pressure coefficients are C^, = 0.8 and C = -0.6 or 
Cjj •= -0.5 (for H/B ^2.5 or H/B < 2.5, respectively). The wind spectra are assuated to be 
invariant with height. As pointed out previously, this assuoption results in overestimates 
of the 4ynandc part of the response. Itie acrosswind correlation ooefflcient is essentially 
Blodlar to tiiat giyan by aquation (21). Obe alongwlnd corralattao ooeffldaat is aasvpad 
to be 

*{Pi* »2» «) - - - - e"*^) (33) 

H 

in ehldh ( • 3.B5 n^^/V« Ax is the snaller of the dlstanoes 49 or 4N and v - / ^(s) dB/B. 

o 

AltilOOgh, by definition, N(P, , P, , n) = K(Pj^ , P^^, n) = 1, it is implicit in this pro- 
eedure that these quantities are bSth equal toSl(Pi^, f2ft' ""^f ** shown in Bef. 17t 
tJiie reeulte in undsrestlaetee of tlie ^naaiie part of the resptfss, A value of tJM peak 
factor g(x) ■ 3.0 is used* ratliar Ulan tiia aora oorzeet valna given by B^iation (2$) wtaldi* 
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for T <■ 3600 s, is usually g(z} ■ 3.4 - 4.0. The contribution of tbe higher modes of vi> 
far«tloa is not tsksn into aeeoiiBt. As will bs shoim suba«q«sntly» in aost osses of prao- 
tieal iaitaxsst tiiis contrlbatiao augr 1m nsglsetad. 

pgocsdnrs D— cribaa in tbs Matlopal Building Cods of canafls (5, 11) 

For dssi^n purposss* tiw NBC spedfles nssn speods avenged ev«r ona hour and eorr«> 

spending to 30- and 100-year mean recurrerice intervals fcasisd on Type T prcfcabllity distri- 
butions of the larqest values (7). A staCj^^itical diiaiyiis carri-J uul tiie writers ol 
30 extreme wind records taken over periods of 20 to 45 years sliowed that these speeds are 
a|i!proidjnst«^ 6% lower than those specified by the A58.1 standard. Since the nean response 
Is proportional to the square of the aiean speeds, ttM corresponding difference betMeen tiie 
rospcctivo noan responses is about 12' . T'.c n-i jn pressures on the wind-ward side arc t rs- 
portionai to tite square of the mestii syesds, wliLQh are assumed to obey ti>e pow«:r law, except 
that in the lowest 30 ft. (9.15 m) in open terrain and 100 ft. (30.5 si) in urban terrain 
the nean pressures are assuoed to be unifomiy distributed (11) . A pressure coefficient 
- 0.8 is used. The Bsan pressures on the leeward side are asanned to bo distributed 
unifomiy and are proportional to the square of the mean speed at an elevation H/2, where 
M is the building height, with Cj^ * - 0.5. (This assuai»tion results in a further increase 
of the difference between nsan reqponses calculated by Itefs. 1 and 11) . The sane e^qpres- 
sion for tbe wind spectrua and essentially the sane aj^reasion £or the aerosswind cocrela^ 
tion coefficient as in the AS8.1 Standard are used. Thus, in this procedure, the varia- 
tion of t}ie Lipectrun with (i-iglit is not taken into account and, correspondingly, evorost-i- 
oates of the dynamic response result. The alleviating effect of the alongwind correlation 
is also not taken into aooount, i.e., the assumption B{Pi , ^21' n) = 1 is iinplied, which 
results in further overestiaates of the dynamic response 117) . Bqpiation (2S) is used to 
obtain tlie peak factor and tiie higher vibration modes are not taken into account. 

Vicker's procedure is essentially similar to that of Ref. 11, over which it has the 
sdwaatage of being more flexible in tiiat it pemits tba variation of certain paraaeters 

(decay coefficients C , in Equation (21) and an ai^onant defining the nodal dispe) . 

The peak factor Is assumed to be g (a) =3.5. 

afocedure Based on Befs. 18 an d 19 

In this prccedure the jr.ear. wind speeds are aescrifce:^ ty the logarithnlc law (Equation 
(17)), and ths vaxiation o£ tiie wind spectriiTi wiLli htijl.t ,l.s t,a.-icn ir.tc ii':j;jQunt as shown 
in Ref. 19. Between the elevation (z^ + 10) meters and the top of the building the mean 
pressures are assumed to be proportional to the square of the aean qpeeds. in the lowest 
(z^ -•- 10) aetere, ttie pressures are assuaed to be uniformly dletributed and to have the 
same value as at elevation f.z,^ ♦ ;0i . Thf* crs-^ure coefficients a^^-'iz'^^l '.r. the calcula- 
tions presented in this pai^tx are 'C^ = O.a and = - 0.5. ir. view „£ Ui-j oiicertainty 
cegnrding the actual probability distributions of extrene wind speed (7) , as well as the 
optiaoB reoorxence intervals to be used in structural design, calculations were carried 
out using asan speeds specified by both the AS8.1 Standard and the NBC. the peak factor 
was assumed to be given by Equatior. i'2'^} , and the acrosswind correl ation coefficient given 
by Equation (21) was used. In ccoputing the background responses it was assumed conserva- 
tively that N(P , P|^, n) B 1. in OOOpUting the resonant resp' ns^, tlM assumption N(P^,, Pi, 
n^} a 0. , in wnififa n^ • natural frequency in the fundaasntal mode was used. Altemativelyf 
In eoofmtlag the resonant response it was esouned Vttmt Bguatien (33) is valid. The dlf- 
fort-nccs botween total response ealcolated using these two assusptions tnmad oat to be 
insignificant (0-3%) . 

In the expression for the wind profiles, the values z » 0.07 m, z. « 0, and s, - 0.8 a« 
s^ ■■ 21 a Cor open and urban terrain, respectively, were uSed in calculating the quit factors 

and the deflection- rieKej.ted in the foll;vi;.q. ?■ '' rify the extent to which tVie response 
might be sensitive- to variations of the £iju,.jhj.!^isj ^^a; .u.eters , the values z = i.^ ir., 
z^ = 10 n; were also used for urban terrain as noted by Pascjuill (15), experimental results 
suggest that in urban terrain, as wind speed increases, z increases and s. decreases, 
possibly because the air streaa "penetrates" nore deeply SetMeen buildings. The results 
obtain<K! .ininc; these values diffezad in all eases fay less than 3% froa tha results 
presented herein. 
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The effect upon the structural response of the possible variation o£ the peak simi- 
larity coordinate f^,^ tram mlmo varlfi«d. ih* dynanle rMponse was oaleulatad using BqiM- 
tlon (19) (to vAiich then corresponds ■ 0.033) « as wall as alternative expressions for 
th* speetra (Equations (5), (9), (10) of^Haf. 19) in which f . appears as a p arame ter. 

The ratios of the rcot mean square values of the fluctuating response [a ' (h)^] ^^^/la.' (h) ^jj^j 
{wh«re the numerator is based on Equations (5), (9), (10}_ of Ref. 19 and_the defiomlnator 
is based on Equation (19) }» vera oaloulated In tha case v,, ■ 26.8 as~^ (v^ - wind speed 
at 30 ft. above ground in open terrain) for the typical buildings described in the follow 
ing section of this paper. For f^y * 0.01, this ratio was found to be approximately one 
in all cases. In the case of the" 365 m tall buildir.g, the ratio was about .95 for fp)^ = 
0.1 and .93 for £^ - 0.19. In the case of the 150 a tall building, the ratio was about 
.93 fbr f^j, = O.lO^and .93 for - 0.19. m the eaaa of tha 45 » tall building, tlia 

ratio waa" ah.out .85 for f, ^ 0.1. Tt is noted that, for !• < 45 n, on average, f . 0.1, 
Equation (19), which is shown by these results to be moderately conservative, was, there- 
fare* used In caloulatLag tlM valuaa of ^yaaaic saapDOsa pcaaantad in thla pstpas. 

Tor the threa typical bnildings daaeribad atl»a«quantly, th« eontrlliution to tha ^rnaadc 

response of the second and third modos of vibration was calculatod. It was found that if, 
as was assumed in the calculations presented herein, the natural frequencies in the second 
and third nodes are approximately three and six times higher than the fundamental fr a q iMncy^ 
xaqpactively, the cx»ntxiDution of the highar aodas to tha rasponsa Is insignificant. 



A.NALYSIS OF NUMERICAL RESULTS 

Tot tha puj^poaa of oooparlng tba psocadutaa asaainad In thia papar, tba gust xasponsa 
factor and tfta mas i mi a s alangnlad dsflectlons wars calculated for thraa typical tall bvlld" 

Ings previously --'••zed by Vickery ^"""^ , The g^eometric, as well as the mechanical, prop- 
erties of tiic bii^^xaings are shown in labxe 1. In ail cases, an average building weight 
of 1,500 N/m-^ was assumed. For steel structures, both the A58.1 Standard and the NBC sug- 
gMt a dasping ratio 0^ •> 0.01. Tbia ratio was used in calculating both guat response 
factors and aiaxiBUiB alengwind daflaetion. In addition, gust factora ware ealeulatad as- 
suming higher damping ratios (including rr.echanical and aerodynamic daaping) . _For Vjj ■ 
26.8 ttti'^, thcise ratios. were assuoed to ha the same as used in Ref. 25. For Vjj ■ 40 as'^ 
tha damping ratios were increased with respect to those of Ref. 25 by amplifying their 
aerodynamic part in proportion with tba wind apaed, as shown in sef. 26. tbm results of 
all the ealcolations ez* given in Tdilee 1 and 2. 

It can be seen from Table 1 that the gust factors oooiputed in accordance with the 
A58.1 Standard are in all cases lower than those determined on the basis of the NBC, the 
dif farenoea ranging froai about 15% or aora in tha case of the 45 a tall building in open 
terrain to alanat 100« in the case of the 365 ■ tall building in urban terrain. The 
values of Column (41 were calculated on tlie basis of iirj-roved models of the mean profiles, 
of the wind spectra and of th« alongwind pressure correlat;.ans (17, IB, 19). If these 
values are regarded as being correct (even though, as shown previously in this paper and 
in Baf . 19, thay are likely to be alightly ooaaarvative) , then it nay be stated that (1) 
tlie valuee of the gust faetore (Bquatlen (33)) based on tiie KSB.t Standard are low, by 
amounts ranging from 1% in the case of the 365 m tall buildlnt^s in open terrain to 20% In 
the case of the 150 ra tall building in urban terraxn, and that (2) the values of the gust 
factors based on the NBC are high, by amounts ranging from 1% in the case of the 45 m 
tall building in open terrain to 63% in the caaa of the tall building in urban terrain. 

The differences between the gust factors obtained by the various procedures described 
in the preceding section are due primarily to the respective assumptions regarding the 
alongwiBd pressure eexrelntioas and tfaa eivraaalon for Hia wind spaetrun. Tba aloogHlnd 
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correlation model used in the NBC results in an overestiTiate , whereas the model used in 
the A58.1 Standard results in an underestimate of the dynai&ic part of the response. The 
assuqptioB used in both Itefs. 1 and 11 tliat ttiB spectrum is invariant with hei^t result* 

in overestimates of the response, vhieh arc negligible in the case of lower structures 
but become substantial in the case of ver>- tall structures, in the case of the NBC, these 
overestimates are added to those due to the assumptions regarding the alongvind correla- 
tion effect, in the case of the ASB.l Standard* the deviation £ron the aotuaX value of 
the response due to the assunption tiiat the spectra are invariant with hei^t and tite de- 
viation due to the acsu-tiption N(Pj^ , P2 , n} = KfPj^ , F2 , n) < 1 are of opposite signs. 
Their sum is in most cases negative, as follows from the' comparison between Colunns (1) 
and (4). 

It can be seen from Table 2 that the mean response detexnined in aeoordanee with RBC 

is smaller than that based on the AS8.1 standard. Tliis is the case because, first, for 
a given wind climate the mean wind speeds specified by the nbc are lower than those speci- 
fied by the A58.1 Standard; secondly, the leeward pressure coefficient given in the MBC 
is C£ • - 0.5, wbereas that specified by the A$8,l Staadatd for buildimg* of xAtio 
B/H 2.S Is * - 0.6f tidrdly, tiie oentribution to the nean response of the leeward 

pressures is lower in the case of tiiti nbc {in which these pressures are assumed to be uni- 
formly distributed) than in the case of the AS8.1 Standard. It is also noted that, assumr 
ing equal wind speed conditions, the Values of the Mean response determined in aeoordanee 
with the pxooeduxes based on Refs. 19, 19, are la sost eases slightly lar9er than tiioee 
obtained using the. JI5d.l Standard. This shows that tlM power law Mdel of the wfH» wind 
speeds is subtly uneonsexvative. 

9or e^al wind speed conditioas* the dlfferenee between values of tiie total raqponss 

determined in accordance with Refs. 18, 19 and with the NBC is relatively small in the 
case of the 4S m and ISO m tall buildings (2%-13%) . In the case of the 365 n building in 
urban terrain, however, this difference is almost 50%. On the other ! ir : r.he differences 
between total response detenalned in accordance %rltb Refs. 18* 19 and with the A58.1 
Standard axe larger for tite 45 a and 150 a tall buildings (20«-33%) and are sullar for 
the 365 a tall bnildingB (6»-ie%) . 

The maximum deflections calculated in accordance with the provisions of the Mew York 
City Code (13) , the OAlfoxa Building Code (OBC) (23) , and tbm South Floxlda Oode (21) axe 
also included In Taible 2. 

For a basic design speed of 75 mph and urban terrain, the New York City Code is quite 
conservative for the 45 ■ building and sonewhat unoonsoxvative for the taller buildings 
(assuming that SO«^feax aMO xsourrence interval is ivpzspxlate) , Xha Unifora Building 
Code, «^ich aasuass an open country expoaure, is extremely conservative for the 45 n build- 
ing and slightly conser'/ative in the case of the 365 m building. For a basic design speed 

of 110 sph and open country terrain, the South Florida Code underestimates the response 
of all 13UNIS balldings* Vha imifbrB Building coda slightly mdexestiaates the reaipoBse 
of the 45 a building and seriously undexestlaates the xevoase of tiie 365 a building. 



CONCLUSIONS 

A eoeiparative analysis of current proce^ras for eweluatin? alonflWind StrUOtUXal X** 

sponse has been presented. The analysis confirms that considerable discrepancies exlet 

between results obtained using these procedures. For example, in the case of a 365 m tall 
building in urban terrain the procedure described in the NBC (5, 11} yields values of the 
dynanio part of the reeponse, of the gust factor, and of the total aaniaaa deflection 
which are, respectively, three times, twice, and 1.6 times larger thaun those based on the 
ASa.l standard (1) . The basic assurat'tioriS used m the various procedures have been exam- 
ined and their shortcomings have been pointed out. An improved procedure, based on Refs. 
lA, 19, has been described, tioaerical calculatiozks were carried out, based on this, as 
well as on the other preoedores investigated, vypieal buildings of 365 a, 150 a* and 
45 ra height, previously analyzed by Vickery, were used as case studies. For purposes of 
ooaparison, the results obtained by the procediure based on Rets, is, 1^ were calculated 
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using the probabilistic definitions of design wind speeds specified in the A5B>1 Standard 
«nd in tba UBC, Ttt* quaetion of ttwse definitiona La, batrnvat, Iwyond th» scope of this 
papar. Asatailn? that theae daflnitiena ar» aoeeptabla, tha raaults of tha calculations 
showed thtr the t roceduro described in the A58.1 Standard was unconservative in most caaaa* 
On the other hand, the procedure described in the NBC was slightly unconservative for 
the 45 a buildings and tiaa over conservative for buildings of 150 m and 365 m height. Thus, 
While in certain csaaes tha pEwedures dascrilMd in both the A56.1 staadaxd and tha NBC My 
yield reaaonable reaultSf their fundanantal shorteonlngs nay be the cause of oonaiderabla 
underestimates or overestimates of the alonqwin' tr i ^ r il response. The writers believe, 
therefore, that the use of the procedure based on Re£s. 18, 19, which incorporates recently 
developed, improved laodels of the naan wind profiles, the wind epeoLtus and the preasura 
correlation in the alongwind dixectien, and which is deacribed in the body of the paper, ia 
justified in the case of struetores in the deei^n of which the wind loading is a najor 
conaideratian . 



REFERENCES 

1. "Aowxican National Standard ASa.l > Building Code Requirements for Nininum Design 
Loads in BniUULRgs and Other Stxttetoraa** MMriean national Staadaxds laatitote* Now 
yozfc. New Yoxfc, 1972. 

2. Baines , W.U., "Effects of Velocity Distribution on Wind Loads and Plow Patterns on 
Buildings," Proceedings, Hind Effects on Buildings and Structarea* Taddington* 1963 # 
Her Hejeety'a Stationery Of floe, tendon, 19«5. 

3. Batchelor, G.K., ''The Theory of Homogeneous Turbulence," Canbridge University Press, 
Cagteidge, mglaad, 1953. 

4. BladMUf A.B«f aad ffiteyt J>W.« "Am WiiaMtnt of Vowtr vaotsn teem the Point of 
View of Co— mnicatlon Bngineerlngt* Do*aif Publioatleiia« iaB», Maw itek* 

5. "Canadian Structural tesign Manual," Supplement Mo. 4 to the flhtional Building Code 
of C a n ada, National Researoih Ooonoil, Ottawa, 1970. 

6. Davenport, A.G., "Gust Loading Factors," Journal of the Structural Divlsion» JkSCBf 
Vol. 93, Ko. ST3, Proc. Paper 5255, June 1967, pp. 11-34. 

7. Davfifnuort, A.6.f "The Dependence of Hind Loada on Nateorologioal Paraneters,* Fro- 
ceeoxi^, Nind Rffaeta on BuiUlngn and dtruotaeoa, Vol. i« Ottwrn, 1967» Unlvarslty 
of Toconto vxeaa* toaanta, 1968. 

8. Kao, K.H., "Measurements of Pressure/Velocity Correlation on a Rectangular Prism in 
Turbulent Flow," Kn g ina erin g Soieace hsaeaxoh Bsport Burr-2-20, university of MestesB 
Ontario, London, Canada, 1971. 

9. Lam Put, R. , "pynanic Response of a Tall Building to Random Hind Loads," Prooeedinys, 
International Conference on Wind Ef facts en Boildlnga and StraotamBt TokarOf Japan* 
1971, pp. Ill - 4,1 - 11. 

10. Lumley, J.L. , and Panofdcy* B.A., "the Stcucture of Jttasaphoiio Toxholenee," John 

Wiley and sons, 1964. 

11. National Building Oo4s of CanadSf Matienal Baeearch Oouncil, Ottawa, 1970. 

12. Ne««*)erry, C.W., Eaton, K.J., and Mayne, J.R., "Wind Loading of a Tall Building in an 
Urban Environment," Building Research station, Garston, Watford, England, ld68. 

13. "Hew TtoOt City Building Code," Local Law No. 76 of the Ci^ of Hew York, Hew York, 
Hew York, 1969. 



iv-ise 



^ kjui.uo i.y Google 



14. (MMi, p.B.« "Bttildiogs on tb« mni," Qautmxly Jooinal of the Royal itetaorologlcal 
80(d«tyr Vol. 97, 1971, pp. 396-413. 

15. Pasquill, r.« "Mind Structure in the Ataoapliegic Boundary Layer," Philosophical Trans- 
•et&oM oe tto liaral 8eoi«ty of XMiaon* Jk.« 3M, 1971, sp. 439-456. 



16. llDbMiiif J.O.* "An Xntzodnetlon to MndM VUHcationf" Blaaviar Publiahiag Conpeny, 
1964, p. 91. 



17. Bijdu, B., "Guat Faebon anA JkleagalaA Bimaani Oancalatliomt" Journal of the struc- 
tural Pl¥ialoa. MCI, Vol. 99, No. 894, B»e. Vapav 9686, Bpril, 1973, pp. 773-783. 



10. simiu, E., "Logarithmic Profiles and Design Hind Speeds," Journal of the EnqineerilKf 
Macfaanica Division. ASCB, Vol. 99, Ho. EMS, Pxoc. Paper 10100, October, 1973, ep. 
1073^1083. 

19. Siffliu, £., "Nind spectra and AXongwind structural Rjesponse,** Meeting Preprint 2086, 

MCI Monal and Matioiial m mln a mM* ! ngliiMXiag MMting* Octobar 1973, mm 7ork. 



30. Sittitt, B., "Ziipnived NatliadB fior DetaninlBy mad Fxofilaa aafl tyaiaie strustaral 
Pi^^^pcnse to Hind," Pfflfiaafllaaa, MCB-IUSB BaQtonal Oonfaxaaiea on tall Buildiik9a, 

Jai'iuary 1974, Bangkok. 

21. "South Florida B ui ld in g Coda," Oeda Ooimtar, Florida, 1970. 



22. "Ooiform Building Ooda,* XBtaraatiaBal ODnfasanoa oC Bulldlag Offleiala, Vbittlar, 

California, 1973. 

23. Vaioaitia, K., Shlnoanka, M. , and Takaao, M., "itoaponsa Analysis of Tall Buildings 
to Mad ZMdiUfr" Tadmical B^ort Mo. 1, Dipt, of Civil Baginaaring and Bnginaaxing 

I, OoltMbia OBlvatai^, jul^r Wit vot*, p. 74. 



24. VaUosBl, J.f and Cohin, B., **GnBt Beipottsa faefeoca," Journal of tha Structural Di- 
vlaion, BdCB, Vtol. 94, Mo. 896, Bno. Biyar S980, Joaa 1968, pp. 1295-1313. 



35. Vickery, B.J., "Cn the Reliability of Gust loading Factors," Proceedings , Technical 

Maatlng Co n c am i ng Mind Loads on Buildings and structures. National Bureau of Standarda, 
Bolldlag sdaoea sairlaa 30, wathliigton, D.C. , 1970. 

26. vickeiY/ B.J., and Kao, K.H., "Drag o£ AXongwiiid Response of Slender Structures," 

Journal of tha staoGtaral Ptviaioo, MCB, Vol. 98, na. 8X1, Froe. Fapar 863S, Jaaaary 
1972, pp. 21-36. 



IV-139 



Digiiized by Google 



The follokring syraJbols are used in this paper: 
A ■> Ar«a 

B - Nidth of straetun 

- Added mamm ooaf f leinit 

- Hean preaaors ooeffielMit 

Mean pressure coefficient - wir.dward face 
Cg - Mean pmaaura ooeffioiant - laaward faaa 
Cy, OiMiiaioDlaBB ooameianta Cdaflnad la taxt) 
F(t) m statiooary randooi Cunctloa 
K • Ralght of stmctura 
H(M, P, n) > Mechanical admittance function 
H*(Mf P* n) - Oonplex conjugate of U{H$ P« n) 
M > Panotaa a point on tlio atxaetusa 

- Oanarallaad wa taxai 

H " Alongvinil correlation coefficient 
P = Denotes a point on the structure 
R ■ Sqoaca zoot of ooharanca fiiactloii 
s(n) ■ spaetral daoaity function 
T ■ Ouration tlaa 
a - stnetoral raaponm 
t, fp]^ ■ Similarity coordinate « pealc similarity coordinata 
g ■ Peak factor 

m • Maaa of strnctura par unit height 

n ■ rrequancr 

p • Mean prasaura 

p' ■ Fluctuating pressure 
z • Svlbaccipt indicating noda 
a ■ Svbaeript Indicating a*^ noda 
t - Tim 

u« > Friction velocity 

Digitized by Google 



v(s) ■ Nmh wiAd valeeity «t hftlgibt s 
v'tM.} m Valoelty floetuAtien at halght a 
s « Haight above ground 

■ Zero plane dlsplaccinont 

■ Sorfaoa xou^imbs length 
9 - napping ratio 

Ax - Hariaontal Beparation In tha alongwlnd direction 

U = Modal shape 

V « Effective fluctuatioo rate 
e - S.85 oAx/v 

1, 1 m stibaerlpta deiiotiii0 valusa of a ^piaatlty at pointa 1, 2 
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O.Z 0.5 1.0 1.5 2.0 2.5 ZX> 3.5 

ROUGHNESS LENGTH ?o, IN METERS 

FIG. I - Radoa Ug^/u^ 
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SEISHIC RETROFiniNG OF EXISTING HIGHWAY BRIDGES 
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The retrofitting of existing hi^may bridges, to provide an added measure of 
protection against collapse due to earthqoike grottnd aotion, is of great inportanoe. 
Iliia interaet heightened in the Dhited States fiollowing the San Facnando earthquske 
of 1971, whicAi caused extensive daaage to a nuntoer of aodem freemay stnicturea. 

Some of the specific concepts for retrofitting to be aiqfilored include: (1) 
widening of bearing supportsi {2} ■otion restrainers across hinges, (3) ties across 
ej^anslOA joints, (4) ttaa eliidnatioa of ei^aneion joints, and (5) adding ties or 
reinforcing to esciating coIumis. 

The isonetary savings, resulting from an effective retrofit program in prevent- 
ing collapse of stmetnras, would far exceed the cost of the research involved in 
generating feasible and practical retrofit details. 

This is a progress report on research which will result in mathematical tech- 
niques to identify the seisnically vulnerable bridge details and a catalog of retro- 
fit te^iBiVies. sattk techniques will pendt strengthening of such we A links, in 
the total eumetove integrity. 



Key Wordsi Design; earthquakes i highway bridgesi retrofitting; soil-structure 
interaetioni struatnral engineering. 
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In the San Fernando earthquake of February 9, 1971, numerous bridges were destroyed 
ev«n though this a«rthquak« waa only of aodtrat* wrnqnitvOm, i^zoxiinataiy 6.6 on tb« 
lU.«ht«r seala. Oanuiges to hlqiwaya haw bam aatlmtad at $23.5 ailUon to tha Stata 

system and $5 oiillion to city and county roads. The chief danage to tlia Stata q^ataa vaa 

the collapse of five o.-erp asses and danage to an additional seven. 

The westezn part of the Onitad states ei^exlanoes a sevaxa aartliquake on the avaraga 
of wary four yaars and it is raaaonabla to assum that any Aitora earthquake of node rate 

to large magnitude can pose a threat to existing bridges unless steps are taken to in- 
crease their structural resistance to seismic loading. Consideration is# therefore, being 
given to developing economically feasible methods for increasing the a^aBic resistance 
of existing bridges throng retrofitting naaaiirea in order to ainiaiae posaibla future 



A report (1)* to the Federal Highway Administration on a reconnaissance survey made 
on Kcbi jary IJ'li, 1971, of the daMge to bddgea In the San Varaando aarthqaake containa 
the following exeexptai 

C. Causes of Collapse 

Ihe two principal causes of rallapse of thm high overcKoaelnga are considered 
to he: (1) large vibratory ■otions induced in the atverstructures by the hi^ in- 
tensity vertical and horizontal ground accelerations, and (2) relative grotmd dis- 
placements which nay havo occurred between the abutmont and column sup^^orts. It 
is the opinion o£ the authors that the former was the major cause of coll^tpse in 
these particular eaeesi tliere ia no avidaaoa that relative ground dlspla o asw rn ta 
were a oontzibuting factor. 

O, Design Oonaiderstiana 

1* Bivanalon Joints - collapse of tha high overcroaslnga was initiated by 

bridge spans falling off their aimporta at abutaents 

and expansion joints due to excessive displaoementa 
of the spans relative to their supports. This type 
of behavior should be carefully examined and correc- 
tive ■aaaures should be takcui as soon as possible. 
Full consideration should be given to eliminating ea- 
pansion joints wherever feasible, to widening bearing 
supports, and to providing Bore effective tiea afsoaa 
ej^ansion joints. 

2. Coluana - The failures in tha central portion of the shorter stlffer oolnsBls 

were caused by the transverse shear forces, while the end fallurea 
in tJ'.o larger more flexible columns were caused by flexural forces. 
In each case, there was a noticeable lack of transverse column 
ties «hidi oontribttted to theee failures. Clearly, tiie dealgn 
details of columns should be carefully eacaained, particularly with 
regard to size and placement of reinforcing bars and ties, and 
corrective measures should be taiten to improve their perfonnance 
under ultimate loading conditions involving reverse deformation 
cycles such as oocor during najor earthqaakas. 

3. Coiunxn Caps - There appears to be a serious lack of reinforcing bars tying 

colunn caps into their respective box girder bridge decks. 
Corrective measures should be taken to iniprove this design 
datail« 



*ausbara in parenthesis refer to rafereaeee at tha end of the paper. 
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4. Oolon fomdatlOBB - Failures at the base of columns for both types of sup- 

ports r i*e., single cast-in-place pile and spread foot- 
ings with driven piles, showed inadequate anchorage- of 

the sain reinforcing bars. Corrective neasures should 
be taken in eedi ease aa tliet anf flelent aadieraga i» 

provided to develop the foil atxeagtii of the aaia rei»- 

forcing bare. 

5. Abtttaent and Wing Nalla - Failates in abotaenta and wing walla were cauaed 

by lar^e dynaale fevee* traneaitted by badefiU 

earth pressures and by seismic forces developed 
in the bridge decks. The design details of these 
•truetaree ilMNild be re-examined and appropriate 
eerrectiva Maauraa atooolA be taken to Iqpxowe 
tiieir perfomanoe diaraetevietiea. 

Ihe California Division of Higbwi^a has alreai^ revised some of its designs for new 
eonatruction. For eraiy1e» ooluan spiral qplioee Miet matt be atMhoced by estenAiitg the 
spiral wire through the column and anchoring it around vertical bars on the opposite side 
of the oolunn. Amther exaoiple consists of revisions to the hinge restrainer to increase 
pell-ipert raetetpnce at tfte joint. 



VellOMlag tte tan femando earthqeaker Callfoniia Oivlelon of Highway paraonnel iden- 
tified 860 vulnerable existing bridges requiring a S20 million program for correcting the 
most obviously vulnerable structural detail through installation of horizontal ii^tion re- 
strainers at bearing seats and eiqpansion joints. A $5 million program was authorized for 
the 130 toxidgea dseaad eoat orltical. To date thle la the only lOMwn attention given to 
retrofitting existing , hi^ibway bridgea to provide inoraaaed aeisBlc resistance. 

The objective of the retrofit program xb to idtsntity tind define through the use of 
atructural analyses and supporting laboratory tests practical techniques and criteria for 
retrofitting eidsting .bridgea to Increase their reaiatanoe to aelaailc forces. The Collow- 
iay tm w aotpt* far zetiofttting baaed on peet^^ivent aelaaie danage ebeecvetloaa on 
brldBae in UlaAm, CilifbKBia« and Japan are onrmtly being evnlnated. 

1. tMbaiiqpMa to wide baaciag av ipo rta and iapxove bearing atabiUty. 

2. More efftoetlve aotloD reatralners acroas hinges or aore effective ties accoaa 
e^paaaioA Jolnta* 

3. fraetical aaana to ellaiaate existing eaqpaaaion joints* where feasible, in 

4. Methods of restraining bridge slabs from c-ilr.Lsing sud) as by cat>Hng on to 
the auBporting or an adjacent foondatlon of the bridge. 

S« Vracticnl ■sens to add additional tiea or apirel to an eslstiag ooltm. 



€. Ifroxy pressure grouting of eonerete hairline cracks alrea^ esiatiag to ellai- 
aate diaeantimilties In the eonerete. 



7. Practical means to iBpzavo the ties Of ooloM caps into their roipectlve box 

girder bridge decXs. 

8. Oevelflp • practical Mans of preventing collapae of bridge piers or ooiunma 
in the evant feondetien piles dislntegreta during an oarthqnako. 

9. Introduction of interface materials between abutments or wind walls and back- 
fill such as ejipaadod polyeiarethaoa or other suitable frangible ■aterlals tiist 
will cushion tbs ssisalo earth 
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10. Attaching elastaokric bearing p«ds to concrete with thioxol or other suitable 
mat«xial to pcevant the vihxatocy diapl«o«Mnt of the pads during slMUng. 

At the conclusion of the retrofit investigation, design details and installation 
sp«ciflcations will be developed for those techni^uas dMiaed to b« practical and cost 
•f feotivs. 



Swan rapresantative types of highway bridges from several states situated in seismic 
Zona 3 ragioas are being investigated in the study. Initially, state Highway Departments 
in Alaska, California, Illinois, Mdssjchusetts, Missouri, Montana, Kew York, and South 
Carolina participated in the study by selecting represantative bridge types for possible 
wa in fotora stages of the study, six bridges eeza selected tram tlraee subaitted— ooe 
each fron Alaska, Illinois, Montana, and ^Jc'u■ York and tvo fron Callfuinia. Table 1 givas 
bridge location and description of each of the structures. The seventh structuxe, an 
eight-span, cur^/ed concrete box qirder bridge with three expansion joints located in Cfill— 
fornia, has been incorporated into the study. The 607*£oot long interchange connector 
t^pm bridge is typical of Mny of the stxoettuEM located in pqpolatsd aatxopolitaa ««isaa* 
This bridge was added to invntigata and further develop the ooncNpt of bridge hinge re- 
strainer syiiteras. 

Given the life of each bridge structure and the soil boring data for each of the 
eevea bridge sites* effective ftichter nagnltade and hypoeentral distancee vere calculated. 

site spectra for ground motions in the horizontal and vertital directions were generated. 
Statistical relationships between lateral dr.d vertical spectra e;q>erience(i in past histor- 
ical earthqueJces were utilized. An analysis earthquake including an acceleration, velocity, 
and di^laoaaant versus tiae history for the horiseotal and vertical directions of each 
bridge site was generated from site spectra. 

Table 2 outlines structure locations, ^pe« and region fron tdiich seiaaic input oo- 
tioa ho been generated fbr use in tiie analysis and developnsnt of retrofit oono«pts. 



This coaputsr pzogrsB was developed for the purpose of analyzing the dynanio atruo- 
tural response of hlglMay bridges idien subjected to ground notions produced by an aAitrazy 
earthquaike. its specific purpose is to evaluate the nerits of various retrofit masurss 

that would be enployed in a given bridge for the purpose of eliminating or reducing struc- 
tural damage. The progran is based on the finite element aethod of structural analysis 
and models a given bridfs as a threa-dinttisional (space) frasM* As sucfa, six degreee of 
free dost are alloiMd per node. 

The method of analysis ernploys a nonlinear dynamic response analysis of the structure* 
An implicit integration solution scheiae employing equilibrium checks is used to solve the 
incrSBental font of the equations of motion, a tangent stiffness matrix for the coa^lete 
Btrueture is reasseriMled at user-defined arbitrary increnents of the integration step. 
Tttis feature, coupled wltit the ecfoiltbriun diecks and the stable leplielt inegration tech- 
nique permits one to feasibly obtain solutions to intermediate size problems (up to 1000 
degrees of freedcw) subjected to long duration loading (up to So sec.}. The most out- 
etanding feature of the computer code is its ability to model the reduction in load-carry- 
ing cqpaeity of a nenber subjected to relatively snail overstressing for cyclic loading. 
Tliis Is a most serious bdiavior cAiaracteristie whicAi is largely responsible for struetwal 
component failures, such as reinforced concrete colamns. The elastic-plastic yield sur- 
face technique usually eiqployed to model beams subjected to overstressing does not readily 
lead iteelf to conveiJLently nodell ng this behavior, especially for neabexs of c o^ len 
cnes-sectlcn subjected to cceiBined thrust and b e ndi n g loading about tso axes. 



SBUCTior; OF representative bridges md 

EAKTUQUAKE INiVT MOTIONS 



BsnxsB MUOiysis uuMvinvH pRCxnuM 



V-4 




Ttie conputer code treats the nonlinear response of overstressed neobers by enploying 
« spaeial •iMtie-plaatlc bMs elaamc tbat roallstically moMla Hm balHivlQe JLn « siapla 
to use, autonatic manner, that is particularly adaptable to numerical analysis. Recalling 
the formal develQpnsnt of a finite element bean model « the constitutive equations of the 
matMrial «Dttr tba wnalsfmiM tliroai^ Istegrala owtr tii* baaa ovon-Metida KhiA h«va tha 
form 



/ a fc. )dA } / o(c)ydA t / o Oe: }zdA > /o (e )yzdA 
AAA 

Wten 0 (c> 1* tlM •tr«M at ugr £tb«r location (y* ■) and c im th« Moodatod atcaln. fha 
strain eaa ba ebtalaod la tana of tha aaitanalenp a^, aad tha oanratBraa kgyf k^* 

Iha awtibod employed in the computer code evaluates these integrals by numerical in- 
feagratlen ovar tha orooa'aactioaal axaa at aacb ataga In tha daftCTation of tiia atmctura. 
fta aaar adUUvldaa tlM eteaa-aaction of aadi of tiiaao boarn alaMnta into a flnlta nvter 

of incremental areas. Each of the subdivided areas is specified as a particular type of 
material, such as concrete or steel, and as such has a certain user defined nonlinear 
stress-strain behavior. A klMSwledge of the current stxala and thm previous stress-strain 
path few aadi BUbdlt^4ad ana provides the information naoaaaary to datermine the eurrant 
■tcaaa and hanoi avaluata the integrals to conpute tha current forea resultants. 

This concept is en^loyed to derive the incremental force-deformation relationships 
at each of the beam elements two aoda polnta (alx dagraaa of fraadCM par aoda) . Ihla In- 
formation is than aaployad to intagrata ovar the length of baan to obtain tha tine- 

varying tangent stlffhess matrix for these elements. 

A aoil-structure interaction finite element is provided in the program to model the 
co n n a ott on of tha bxidga atroctnra to tlia ground, vhla alaannt alaelataa tha coninction 

by enploying three translational and three rotational springs and corresponding viscous 
danpers. The prescribed seismic motion is imposed at the ground node point of the soil- 
stru;;t\^r° interaction finite element. At the user's option, different spring stiffnesses 
can be eiqployfld for tha coai^ressioo and t e n sion translational degrees of freedon. This 
faatnra la qolta naafol for aalaalc loading* dna to tbm cyclic natuza of tha l nwaad 
motion, -inrp it permits one to use a high stiffness for compression interaction nni a 
low or zero stitfness for tension interaction for simulating a footing on piles or a 
apcaad footing. 

A n on l l na a r aivanalon joint flnlta alonent la Includad to provlda tha analyst with 

a means of accurately msdeling connections between different spans of the supers tructura» 
avperstructure-abutiaeat (or pier) interactions, and hinges. It models the expansion 
joint g4p* includes coulomb friction and variable spring rates to simulate diffaranoaa in 
cioi>raaalow and taaalon rasistanoa altbar horiaoatally or vertically. Tie bars can also 
ba notelad in tha ai^anaion joint alae»nt. 

An elastic beam finite elenent is also provided in the computer code. It is used to 
nodel thoaa ooaponanta of tha etru ctur a that will not ba aubjacted to severe overstress- 
ing and yielding dna to tha dynanic loading* Zt la ganarally aaplogred to, aodel the najor- 
ity of tike aupazatmetm. Shear daitonatlona era aptionally imaludad in ttw alaatle bean 
alanant atlffnaaa and atraas-dlsplaenant aatricas. 

The ooaputar psogram was tested on the Bahal O v a rcr ossing in California. Plan, ele- 
iration, and creaa-aacticoal viaas of the two-span^ foor-eall rei nf orced box girder bridge 
are shown in Piguras 1 and 2. Vlgure 3 depicts the reinforcing ataal and oonrarata atreee- 

Btrain relationships after Brown and Jirs=i :2: . t.oLo that the ultimate stress for the 
reinforcing steal is rather low. The steel stress-strain curve for this test was selected 
so that low axial taaalla atxangth in tiui pier alasMta oaaM ba simlatad* 

A ona-cycla sinusoidal vertical displaceoMnt wavefom with period of 0.2 aaoonds and 
^vMm avUtnda of two inchea was oaad as a ainpla test Input wave notion at ^ base 
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of Wmat No. 2. Sslactad dULsplaooMnta, bWAdlnq aoMttta, and ttdal foroaa ara ahom in 

Figures 4 through 7. The pier elements fail very near the 0.2 second marV, after which 
time the superstructure deflects downward a very large amount. Conputer runs of the seven 
atrvotttres identified pravlonaly are eucrently balng eanrlaa out to Idantlfy failnr* ■aeb- 
BBlaaa in the etructucaa. 



PRELIMINARY H£TKOFIX CONCEPTS 

Retrofit tedudqnaa aca in tbm praeaaa of being developed foe the aavan rafceaentativa 
bridge types daaoribad prevloiiBly. It ia antiaipatad that tba final flnea aalaGtad will 
ba valid for we on other atnilar types of farldgaa located witMn aatwrically aetiva araaa. 

Table 3 liata eontrolling items and wthods of increasing seismic real atanra of alx 
of the aevan baddigaa under investigation* soae initial oonoepta have bean p r o p oaad Sbl- 
lowing the zwiew of detail plans of each of the atzuctdraa. Itaaalyaia of aadi of the 

structures is currently being made. Analytical results should help identify additional 
concepts and verify some of the proposed concepts. Standard detail drawings will be made 
for aadi of the final retrofit oaneqpta aalected Cor vae. 

SoM of the initial xetxofit oeoeapta onvlaionad to date are ahoan in viguzea 8 thrang|i 
16. Goat affective evaluatlona of the ooncapts deacxibad have not been nade. 

Figure 8 shows a longitudinal section through the end diqphragMi- of a ooaerat e bOK 
girder. Tie bars have been added to liait lengitudiaal ioiat aaparation. Aia ayataai 
haa been used by the state of California in their retrofit pregraat. A oooeept fbr Unit- 
ing relative di^^ Ir^i-jrc^nt at eOsutraents is shown in Figure 9. Vertical t^slift - ^jn bo jon- 
trolled through the extension of anchor bolts through the bottom flange of a steel girder 
aa ahown in Fignre 10. An e^penaton joint reatrainer ayaten for atael girder ati ' imtm aa 
is shown in Figure 11. Tie bars paaa thxou^ end vab stiffsners in thia acheae. Figure 
12 depicts a steel girder hinge restralner system in whldi both vertical uplift and motion 

normal to the plane of the web is controlled. Support bearing area or restriction Of 
girder motion can be achieved through use of concepts depicted in Figure 13. 



Dae of fibrous polyester concrete for strengthening beams has bean lavaatigated* 
Flgiivaa 14 end 1$ show how the eddition of high atrangth f ibroua polyMtar concrete la- 
prove the Btrength end duetllity of test beams. Figure 16 shows'bea the use of such a 

material could be used to enhance th" =:ri!:ni'~ resistance for reinforced concrete bridge 
col\ains. Additional concepta are in the develppnent stage and will be fully evaluated 
during tha nest year. 

Careful aaalyaia anat be aade following selection of final retrofit eonc<^pL5. The 
addition of retrofit hardward may enhance the seismic resistance of a vulnerable bridge 
component iiAkile at the same time detract from the overall dynamic performance of the etrue- 
tur«. Booh oonoapta, if any, will ba aliainatad fkoa further eenalderation. 



IMMMllX 

Betrof itting oonoepts and corresponding impleaantatian methods for general types of 
higbaay faridgaa are currantly being invaatigated to anhanoe aeianie reaiatmce. lha atudy 
ia not being oondoeted to define firea that vlll eliminate all stmetural damage resulting 

from large magnitude earthquakes, but rather is intended to provide fixes which will assura 
thats 1) structures regain in service for use as emergency routes following earthquakes, 
2) damage is limited to the extent that tbm atru e tura can be ^alekly rapaSxed* and 3) 
total oollapae of atmotttrea ia avoided. 
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TABU 1 



BRIDGE DESCHIFTIOK 



■8IDQE 

1, lontatia 
(eotinty Road 
Sttp«rBtioii 



2. California 

(Bahia Cr/er- 
crosslng) 



3, California 
(Ventura 
-Ovsrerooalng) 



Ji. minolB 

(Rt, 2li over 
Massac Cre«k) 



5. Alaska 

(Bridge over 
Lyon and Tin* 
em Graek) 



6. New York 

(1-508 over 
Delaware and 
Hudson Rail- 
road) 



flESCaiPTIOM 

U spans, each simply supported: 55', 100', 100', 15' Type TV 
prestressed concrete girder superstructure with 20 degree skew. 
Continuous deck integral with abotaBnts. All «iidt of spans ay« 
fixed. l\" high fixed ateol bearings. Pier cap supported ^ 
two 3' -6" dlan. columns; columns supported on separate spread 
footings. Abut-^ent serves as end dlaphra^, sunported on 
treated tlnber piles. Each span has 2 intermsdiate diaphragM 
and also wni dlapliragiii over filer* 

2 span, U cell reinforced eonervto box fttrder: 86% 102* 
conttruous straipf-it =5 '-6" deep Mperstructure with no 

Slntrle 3' x 8' column with bent cap in superstructure. Colum 
footing supported on concrete piles, Abotaent and vlngnsUe 
MMlitlde with soper-etrtteiitrs end s«pported on eenerete piles* 

h span, 3 cell reir.forced concrete box plrdor: 11? '-3", 1?"', 
97'« ii7'*3"« Articulated curved 6*-10" deep superstructure 
with no skev. Single 6* dieneter eelmn with bent cap in 
-'jr^rstructure at all Intemedlate support points (18' -10", 21»- 
U" , 19 '-1" ht for ooluinns) Colu-nn footings supported in piles. 
One abutrient ^r." vin^alls monolitri- ',-itti 3 ;p<=r structure and 
supported on concrete piles. Superstructure on 10" high expans* 
ion bserlncs with no holLd^oqn at other ebntaent (edjeoeot to 
U7'-3" span). Abutment on concrete piles. One Inch ^Jolnt St 
hinge filled with asphalt latex, 5" wide bearing throu^ 
6 X b z 3/b enslee. 1 

3 epemi, ooniinuooet b6i-$ 58>-l", liftMi" € rolled W33 

beans with 3? depree skew. Spans arc E-F-S-E. V]\- high expail* 
sion and 13 3/5" hi?h fixed steel bearings. Gontinujua non- 
: rr oslte ae".k slab-l^" op«n joint at ends with amor. Full 
width pier on spread footing. AbutMnt end wlngwalls on steel 
piles. 

3 spans, each simply supportedt UO' , 60', hO* . Rolled ^,"2? and 
W36 alloy steel beans, no skew. Spa-s are F-E , F-E, E-^. Dis- 
continuous non-conposite deck with open Joints and araured ende. 
8* hlrii expanelon end 1 7/B" hi«h ftaed eteel beerlnge. ml 
width pier on spread footlnp. Abutments supported on stPsT 
piles. Intemedlate and end steel diaphragms on all spans (2 Int. 
in 60* open). 

3 spans, eeeh sinply supportedt 91*^", llB*, llB*. 6 welded 

plate girders per span with 60 degree skew. Span are F-?:, ftc. 
Discontinuous conposite deck slab-1" open Joint, ends of slab 
are armored. liiV' hi'h fixed and expansion steel bearings. Nn 
pier cap (girders bear directly 00 celunne, oolnene trsoeaiit 
loed to eontlnnooa spread footing). IhutHsnt with psdestela to 
support girders (eoiMLned ibufeasnt and nCngmdln on sfMad 
footing. 
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liUI 2 

REPRESENTATIVE BRIDGE TYPES, LOCATIONS AKD 
SUSMIC EHVXIIONMEIIZS FOR RETROFIT STUDY 



Bridges Sub- 
jected to 

iafch quake in 
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brnia 


«) 

•T-l 

e c 

u u 

c o 


ornlfl 


in 
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■• 

a 


u 
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Ivldga 


Actual 
Bridga Loeatxk 


u 
a 

fH 

•< 


^ rH 

o c 

2 U 


South 
Calif 


Calif 


Illlr 


Monta 


Nev 1 


Alaska 


ft 






ft 


ft 


ft 


ft 


Steel girder with 

Coi^slce Deck 


California 




ft 


ft 










2 span concrete 
b«x on colona 


Southern 
Gallfocnla 




ft 


ft 










4 ftpaa. eurvad 

coBcrate box on 
circular piers 


Multi-spaa 
Calif Mnia 








ft 








6 span, etmrcd 

concrete box on 
circular piece 


lUlnola 


* 






ft 


ft 






$ apaa staal 

girder, non- 
coasosite deck on 
nail olar 










* 




ft 




Aapan skew pre- 

stress I girders 
with conposlte 
deck on col. bene. 










ft 






ft 


Prestressfid T 
girder on Huiclpic 
colaw bast 


torn. 


4- 






5 


2 


2 


2 


19 
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BRIDGS 

1. Montana 
(County Road 
aepMmtlon) 



2. California 
(Bahia Over 
eroBsing) 

3* CallfflVDia 

(Ventura 
Overcrossing) 



h. lUlrots 

(Rt. 2ii over 

OTMk) 



5.. Uaska 

(Brldg9 ev«r 

Lyon and Tin- 
can Creek) 



6. New York 
(1-508 over 
Delamre and 
HudMiD Sail- 
I) 



TABIE 3 

PRGVISiaiS FOR IKCREilSING 

SEISKIC RESISTANCE 



COKTROL ITBHS 
Cid.inna and ptar cap 

Bearlnga 

Abutment and foot- 
ings on piles 

Amtaants and coLtun 
footing on pilea 

Hine* 
Expanaton Baaring 
Coluana 

Abntnents and foot- 
ings on piles 

Deck jointa at abut* 

menta 

Abutments on piles 
Bsarlnga 



Deck joints and joint 
at abutaanta 

Bearings 



Jttmtaanta on pUaa 

Deck Joints and joint 
at atrnfeaanta 

CoHtMoa 



MAIS Of IMCmSjm SSLLSKLO a&SlSTAMC& 

Increase transverse shear resistance to im- 
prove torsional resistance of superstructure 

KoIdHloun at intarior plar ca|» 



Greater longitudinal resistance 

Inprove anehoraga of pile in cap, abutaenta 
need greater longitudinal resistance. 



Llidt langitudlnal aovanaQt and pirwvant 
tranaTeraa and vertical iwvemnt* 



Limit separation frorri abutrnert arid 
transverse and vertical novenent 



Ineraaaa ahsar raaiatanee and dactUitgr 

Inprove anchorage pil° in footinf'3} abut* 
aents need greater longitudinal resistance 

T.lnlt or cisjhlnn lo'trltnrlinal movement and 

poasibly prevert, transvpr"?!? movQi»)ent 

Increase longitudinal resistance 

Provide hold^doMi davloaa and dwck tranava: 

resistance 

Limit or cushion longitudinal novenent and 
prevent tranaverae atovemnt 

Provide hold'-down devices, and increase 
tiwaverae raaiatanee 

Graatar longitudinal vaalatanee 

Limit or cushion longitudinal movement and 

pravant tramvaraa Maanmit. 



raalstaaea to 
toraiooal raaiatanee of auparatrletiira 



Provide hoU-doim devices and check transveraa 
FBaiatanca or re-deaign bearlnga and poaaiblj 
Ineraaaa area at elMrtaenita* 
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REINFORCEMENT 



FIBROUS 
CONCRETE 



HIPPED SURFACE 



DRILLED AND GROUTED 



OF BEARING 



BEAM GRILLAGE 



DRILLED AND 
GROUTED 
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BEXHEOBCBD CONCBETB COUMH 8IRENGIHENI1I6 



FIGUil£ 16 
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DYNAMIC TBSTS OF STKDCTUBES USIMG A LARSE SCALB SHAKB TABLB 



Selichl Inaba 



INitioMl llMMrcb Canter for Oiaaater Pravantlon 



since 1970, a large scale shake table located at the National Research 
Center for Disaster Prevention (NRDP) has been widely used for the dynamic 
teatlacr of s teu c t u r — . Hiis pepar prasanta tha raaolta of aoaa of ttioaa 4^* 

namlc tests, using this juinbo earthquake simulator, and the results obtained 
from sone other shalce tables operated by other research institutes in Japan. 



KJS)f Words: Dynamic tests; earthquake sxauiator; shake table; structural 
englnaarlagi taata. 
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LfMX SCALE SHAKE TABLE OF NROP 



I 



The OOMtnetion of a laxg* scale shak* tabla located in Japan waa proposed in 1964 
by many govermantal and unlwrsity researchers after the Niigata Earthquake. Itie plan- 
ning, construction, an J operation of th>- ^:hakei was ro bo by the NRDr , but coulJ bo widely 
used by other researchers throughout the country. The testing ot the hydraulic actuators 
and the design of the table toegan in 1967. In Octabtut, 196B, flonatcuetlaa tfork facfan In 
Tsukuba, Ibaraki Prefecture, and was eoqpl«ted in October 1970, with a total ooet of 
960,000,000 ($3,200,000). 

The shake table is a 15 m square horizontal unit.tibich weigbs 160 tons. The table 
can support a 500-ton •tcoebnral test load, vltii a horlsontal acceleration of 0.55 g* 

Vertical accelerations of 1.0 a cnn hp. inpnsed nn a 2^o-^r.n te^t Iped, hoMaver« tiie borl'^ 
sontal and vertical motions car.nct be Api^lied simuitanesusly . 

The sinnilator is houaad in a steel franed building which is 24 a x 42.5 a in plan 
and 16 a higb. A prestreased concrete fioandation eupperta tJia ehaka table, and fozas an 

open box shape. Tlvt sides dre 2 in thick with an outside dimension of 39 n x 25 :r, in plan 
and 'j m deep. li.e fQundatj.Qr. consists of a fiat ssmt &iid rests on a seund layer whera tiie 
standard penetration test value is <J30Ut 30. The total weight of the foundation mass is 
12,000 tons. The ratio of the onving aasa (table plu« test structures) to the foundation 
is lt20. Poor hydranlie actuators, nhidi have a 90-tan dynaaic rating, are provided to 
drive the table horizontally smd four other 90-tor: actuators are provided to drive the 
table vertically. All of these eight actuators .have a * 30 nun stroke, and are electron- 
ically controlled. A moving mass up to a maximum of 660 tons is supported on four balance 
cylinders during the horisontal drive. The table is constrained in one direction — hori- 
lOtttal or vertical— during aotion in tlie otiier direction by sixteen guide rollers. 

Vibration waves of various forms can also be imposed by a control systea siaulator, 
vhlcii has a hasaonie wave oecillator of sine, rectangular, and triangular mnre eOBflgwca* 
tions. A noise generator* using diodes, is sguipped to ispose randoB waves and progra— fl 
transients of various foxas can also be iaposed. The progranasd selsaio input wacves aust 

be in the range of the design spectra of the table, with the maximurr -^Isplaceinente less 
than 1 30 am for a single amplitude. Prograaaed displacement analog data are generally 
used ea the input signals. If a low frequency range of acceleration is used, a large dis- 
plaoeaent can be realized, howsver* the fregoMcgr has less influence on tbe aagnitude of 
the acceleration. The prograaaed data ooaas fk'ca aotion acoelerograph data, ^i^ is dig- 
jti2ed and then the digiteil displacHne.-it data is obtaii.ed by double inteqraticn asirp.} a 
conputer} the data are then filtered in the range o£ maximum displacements, itiis digitized 
diaplaeaaent data is then transferred electronically to analog data and a displacement 
Input carve is stored in the <tata zeeocding system. This displacasient curve is than iar 
posed as input signals to the siraolator. 

The hydraulic power system is composed of a main axud aobsystea. The nain hydraulic 
systsa drives the four actuators, using 24,000 liters of oil at 210 Yq/CB? pressure frOB 
tfalrtaen pwping units, h sub-hydraulic systea oooaisting of four pwp units drives iJie 
following units t twelve hydraulic bearings, four universal joints between the table and 
actuators, and sixteen guide roller bearings by using 9,600 liters of oil at a pressure 
of 75 or 140 kg/om^. Seventeen puoping units are used in total with each pumping unit 
being driven by a 150 kva aotor. ttm cspaeity of the electric power aystaa to supply the 
large scale shake table is 2,900 KVR and the oatira electrical tranafoxner station is 
egnipped to sv^ly 66,000 Volts. 

Figure 1 shows the aaxinua capacity characteristics of the shake tcible, in conjunction 
with tes% rssttlts as detained without use of a test structure. Figure 2 shows the fre- 
quency characteristics of the shake table during horisontal mtioa of a lOO-ton struature. 
Figure 3 shows the frequency c^racterlatics during vertical aotion without a test load. 
Figure •• qi ves the El Centro earthquake displacement and acceleration of the shake table 
when the El Centro earthquake input characteristics are iaposad into the control syi^tuia. 
During the fiscal year 1973, the iftiake table had a total nv..uiig tiaa of approxlaately 200 
hours. 
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inntAMic lesis cokducied on toe mrdp shake table 



since the construction of the large scale shake table at the National Research Centax 
for Disaster Preventiion in 1970f a nuober of dynaaic t«sta of structures have been con- 
dnoted. The structures that have been tested on the table are elaaaifled lato tiia follow- 
categories! 1) full-aoala stmieturaa, 2} large alsa nodal atxuetuxasf 3} soil struc- 
tuvB, and 4) ground. 

The type of dynamic tests performed on these structures are categorized as followsi 

1) Fcoblena zelated to ground and soil structure^ aadi as the river enbank- 
BBlIt, sandy ground, and liquefaction of saturated sand layers. 

2) Pxc^lens related to buildings and equijpment, such as pre- fabricated 
hoaalng units and pce-faibxlcated rooa sBplianoe units. 

3) Problens related to industrial plants, such as a graphxte-pile nuclear 
power Eeaetor and a apliera tank. 

4) trobleaia related to soil straotnze interaction, audi as foundations of 

a long span susiension bridge connecting Honshu and Shikoku, a submevgad 
tur<n«l lor a Tokyo Bay highway crossing and undergound pipe lines. 

All of these ^^fnaaaXc testa bav« bean conducted at tba Earthquake Bnginaering Labora* 
texy of tiie National Rasearch Center for Disaster Prevantlon. Host of these teats have 

bren performed in cooperation with other researdl instltUtSS and SOMS projects havs basn 

supported by non-governmental organizations. 

Ihe dynamic tests that have beat conducted since Octofaer« 1970 are listed in Table 1. 



I^ULTS ae OYNAKIC TESTS 

O iynawic Characteristics of Sandy Soil 

A sandy soil system was built by placing the sand in a steel box which was 12 n x 12 m 
in plan and 1.5 m high. A sinusoidal vibration with a frequency range of 1 to 20 H was 
aippliad to the sand at tmit'^tf aooalerations of O.0S« 0.1« 0,2, and 0.4 g in order to da- 
tazwino tiia resonanoe Aaraeteristics. 

Figure 5 sbom the xasonanoa eurva nt O.OS g with a raaonanoa frequent of 13 B^. 

Figure 6 shorn the curve for 0.4 g and a resonance of 10.5 H^. Acceleration ratios 

at the resonance frequency at the center of the sai.d is ten and five. At the resonance 
point, the acceleration ratio is greatest at the center of the soil. The greater the ac- 
ealaration the flatter the aeoeleration ratio beoonas Idiroughout the sandy abil. 

Dynaxic Teiits on a t^-iv^'C i^rrJ: ankroent 

Tests on a river etnbxnXioant constructed of sand, as detailed in Figure 7, were con- 
ducted in 1972 and 1973. Various ground water levels were placed in the embankment and 
than ainnaoidal wave vibration testa %fexe conducted in order to find the dynamic cbarac- 
tsrlstics and structural destruction critsria, such as slip failure of the aibaidtaant. 

An exaople of a resonance curve for the embankment is shown in Figure 8. Figure 9 
gives an exaapla of the acceleration data that was observed. Figure 10 shows the distri- 
bution of nscess per* water pressure doe to the vibration, the results obtained froa 
tiieae 4ipiiaHie tests will be vsad to ia^xavB present design criteria and design prooaduras 
on earthquake resistant ert>anikments. 
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Liquefaction of Saturated Sandy Soil 



Dynamc tests in saturated soil were conducted in 1972 and 1973 in order to determine 
th* diaracteristics of liquefaction. Figure 11 shows a resonance curve of 0.02 g sintaflOl- 
dAl acoelM^tion, with a rMoouio* fcaquuiqr of «beat 10 h,. Figure 13 shoMt tiM obang* 
ift th» •XOMB potm water prMsuz« dnztng and after tbm vibration of 0.2 9. 

These tests were performed relative to the design of a submerged tunnel and Its r*- 
elaiawd lanA. 



UllGB BOXX SHAKE TMU IN MMM 

As shown in Tabltt 2, aaveral large scale shake tables for earthq\iaka anginaarlug bav* 
bMn built in J^pan. Larg* or full acale aodal taata of earth-fillad daa>« rnilmsr *^ 
bankaantat bui Min ga» anelaar povar raaetOKV* and alaetroaic aqolEMKit tor tala uu— Itca-" 
tioD ayataaa or covpntars hava baan oondoetad at tiiaaa faoilitiaa. 



CQHOHSiai 

A brief description of earthquake nnfflnTliHI Jtfftn ralativa to pgaaant aianlatoKS 
and dynamic tests have been presented. 

However, these present large scale shake tables and other simulators cannot coopletely 
satisfy the requirements of table size, displacement, naxinum test weight, control system, 
etc. needed by researchers concerned with earthquake engineering. Therefore, ryi^^iarchers 
of the Science and Technology Agency and NRDP are planning and atu^ing the technical 
ftealbility of larga aeala dbalta tablaa. ona audi aiaolator mdar eonaldaratioa baa a 

table S.O - y f . 0 - in size, with a horizontal and verti -ri'. rrotion driven sintultaneoualy 
up to ^ i5u aim. Another sinaildtor being studied has a taiale size of 30 is x 30 01 with a 
maximum displacement of t 200 mm and an acceleration of 0.5 g and a test loading of 
1,000 t. The problaa* involvad in daaigning auch vibratioo tast tablaa ara difficult, to 
aelve, and it ia# thasmfoMt h o p e d that an emehana* of iiifiMmsl ttm ms aaxtbqaalM alamlatoam 
and dynaaic tasts of stmetoBas batMMn our two oooitrlas can MMt tiia diaUnnga* 
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Test structur« 


Height 


Tear 


Cooperating Institute of Sponsor' 


txmttbxicatmi bona* nit 


40t 
400t 


Novaalaax 1970 
January 1971 


Bailding Itoaaarch Inatltnta (BBX] 


canvhito-plle raaetor 


30t 


July 1971 


BSX 


■iwr ■■banKment 


aoot 

St 


Septeinberl971 
Movaabar 1971 


Public Horks Research Institute 

mi) 

swn 


Suspansion bridge, pi«r. 


lot 


HfTHfiT 1971 


HoaahlBShikoku Connect ina Brldaa 
Ooqparatioa' (asCBG) 




aot 


Vibraazy 1972 


BRI 

Keseardi Institute for Pollution 
and Baaouceaa (lOVa) 


Sand gzenmS 


5t 


Nay 1972 




High-rise building 


It 


July 1972 




Sand grouBd 


400t 


Angoat 1972 






200t 


Svtari3arl972 


PNU 


Lifoafaotlao.ef satmratad 
aaiB4 gzDoad 

BiftMMcgad toBnal 


300t 

xot 


Oetobar 1972 
MovHdbar 1972 


FMRt 
FRRX 


SiMtpanaiaB baddga, pL**» 


lot 


Oaeaafaa* 1972 


H8CBC* 


nafAdcatad zoom 


25t 


Fabruarv 1973 


Jaoan n eJiiier 1 rin Jloolianoaa In* 
apectioB Maaodatlott* 


Sphere tank 
Saad jTCTiw* 
Vtodaigiovril pd^ 


30t 
300t 

soot 


February 1973 
Jtma 1973 
JUM 1973 


BRI, RIPR 


■ivar aifcawlnMmt 


loot 


JVly 1973 


WWKt 


Liquaf aottoB of aaturatad 


aoot 


Sa|ptail>arl973 
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fDondatioD and gnnind 


2St 


Movanbar 1973 
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Oil tnk 


3t 


Mraazy 1974 


VJiiVMi IGokaa* 


OMavgcooid pipa 


300t 


Mazdi 1974 
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TABLE 1 (Continued) 
Plamwd T«*ta 

test Struetnxe Height TMor OeavMntiag HMtitute or 

Noelaar z»aetac lOt OtoM 1974 Mltadii* 



fzM strttctuxa 

ar»tm 30t July 1974 Fujlta 



land aoot 
SnbMirgirii tiaiiwl 3t WoniifcT 1974 fWRI 

Suspension bridge 



400t DBCMtor 1974 
Sttal ftiBB with lixaM aot FduuuT 1^79 
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TABLE 2 



nriv libla t«ibltt TMt txtqamcf acc«li*r- n i^piao*- ABtiwtor roandation 

Institntt SystM sIm Waight NMjght Bunga ation Mat Vorea Naight 

Mtotioaal 
llMaaxeii 

OMitar for HydrauUc itfim 160t 500t(H) OC-M H O.SSgCH) ±30 oai 3«0t 1200Qt 

Disaster 200t(V) 1.0 q(V) 

Fravantioo 



C'!-ntr al 
Institute 
of Elec- 
tric Powar 
indnatzy 

Railway 



mrdcanllc CntS.S* 35t UOe 0.1-30R, 0.4 9 



Ordraulie 10nx2mx 23t 78t 



0.1-20K^ 0.4 g 



iaa«itttta 

Mitsubishi 

Heavy 

induatxy 

T:::>;yo 

University 

Obayashi 
Corpora- 
tioo 

anlvaiBlty 



Bydraulic 



21t loot 0.1-50K^ 1.0 g 



Hydraulic 10inx2mx 
Springs 2n 35t 13St 



1.0-5 H. 



HydrauUc 3sw4a 5t 20t SC-SO 1.0 g 



12t 0.1-30a, 0.5 g 
8t 1-200 0.5 g 



QfdxauUc 
Blaetxle 2.5ibx 
2.5b 



talac 
■nnieatien 

Research 
Institute 



BydranUc irnxdm St lOt 0.1-SQh^ 1.0 g 



*50 m 60t «000t 

±30 m 40t 950t 

tSO wm loot 

±100 OB 30t 1200t 

tlOO at 15t 225t 



±50 wm 6t 
t50 an 4t 



±100m(H) ISt 
±120aM(V) 



lOOOt 



Port and 

Harbor Blactrie S.Sim^ Bt 16t 0.3-SOB, 0.5 g ±50 m 13t 255t 

Research l.Sn(||} 

ZAstitute 
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A METHODOLOGY FOR EVALUATION OF EXISTING BUILDINGS 
AGAINST EARTHQUAKES, HURRICANES AND TORNADOES 



fay 



li.^. Lew 
and 

C.6. Culver 

Center for Building Technology 
Institute for Applied Technology 
national Buzaau of Standaxda 
Naataington, O.C. 20234 



A methodology is presented for evaluation of existing buildings to deterraine 
the risk to life aafe^ from natural hazard oondltions and to estimate the amount 
of Mpeeted dtmmff Vwrnm^m to stxuetural building ooopo n e n ts rvsultia^ fxom the 
matxtm environDents encountexod in earthquakest hurricanes, and tornadoes is consid- 
ered. The Biethodology has the capability of treating a large class of stmctural 
types including braced and unbraced steel frames, concrete frames with and without 
shear walls« bearing wall structures, and long-span roof structures. Three inde- 
pendent but related aots of pxooedares for ostlasiting dsnge for each of the natural 
hazards are included in the methodology. The first set of procedures provides a 
means for qualitatively determining the damage level on the basis o£ data csllected 
in field surveys of the building. The second set utilizes a structural analysis 
of the building to detemine the daatage level as a function of the behavior of crit- 
ical alesNttta. iha tbird sat ia based on a coaputer analysia of tlia aatira atxuc- 
ture. All three sets of procedures are based on the current state-of-the-art. Iho 
procedures are presented in a fomat which allows up-dating and refining. 

Key Nevds* BnlMingmf doavei dieas«e«r ^faaaXo aaalyalef eestbqaekea j hiirrlcaaaa; 
natural liaiazda; atruotnral anginaaxlng/'toxnadoas. wind. 
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URSODDCVION 



Much of the loss of lite and property in the United States from natural hazards such 
as earthqjiMfcias, hurricanes, and tornadoes results froa the inadequate performance of build- 
Inge in rtfipoQee to these extreme natural envixonaente. Fast olMervBtiaoa tiave ahoMl* 
how eve rt tliat buildings properly designed, detailed, and ooratracted can wl'tiietand theee 

environinants . This involves realistic assessment of the f careen produced by the environmenti 
proper distribution of these forces to structural and nonstructural building cotacionents 
and providing the necessary resistance to these components in tbB design process, and OOQ» 
tinual inspection during oenstruction to insure the design is ooonceetly executed in the 
field. 

Iiqproved building practices incorporating new knowledge relative to natural environ- 
■anta and the perfomanoe of buildings will serve to altlgate future losaea. Continued 
updating of building codes and standards, taking into account the latest research findings 
and experiences gained from past performance of buildings, is one aspect of improved prac- 
tice. Improved practices, however, apply only to future construction. They do not affect 
existing buildings. The response of an existing building to an axtxaa* natural envlron- 
■snfe will BSfleet the paribcasnea level inherent in tlie codes, standards, and construction 
practices in existence at the time of design and construction. During the life of the 
building, building practises continually improve reflecting the advancement of the state 
of knowledge. Thus, the margin of safety c^ianges from that assumed at tlie time of design 
as the state of knowledge and building practices advance. Oaterioratlon during the ser- 
vioe life of the bolldin? also affects the nargin of safety, ftw need exists, tberefore, 
to continually evaluate buildings with respect to tha potential hazard they pose when sub- 
jected to extreme natural environnental condltioas. Foilowi.ng such an evaluation, approp- 
riate rehabilitation or sbatsmnt pBocednsas siay be initiatad to vitigata laaaeoaptabla 
hasards. 

Following tfic 1971 San Fernando earthquake, several programs jimed at evaluating the 
hazard posed sy existing buildings in the avent of an earthquake h^ve been initiated. Most 
of these programs are similar in nature, however, each uses a somewhat different method 
of evaluation, rurthexaore, since ttiese nstboda iovoive evaluating buHdinge in aooord- 
anoe with the requireaettts refleeted in current building codas, thay do not provide an 
indication of the level of risk of exf-licit levels of bui^in-: -itrfonriance in terms of 
life safety, protection ot property, and maintenance ot vital ionctlons. They also do not 
pcovida an eatinata of tha aaount of building damge to be ei^aatad. 

This report presents a BslSiodDlagy for anrvay and evaluation of e«isting buildings 
to detemine th^i risk of life safety under natural basard eondltiona and eatiaate tiM 

aunount of expected ddmAge. 

Soope of the Methodology 

The natural hazard loading conditions considered in this methodology are those en- 
countered xn earthquakes, humctmua , and turaadoca . Wliile the sQuxce mechanism is dif- 
ferent for each of these geophysical processes, they all impose dynamic loading. Exist- 
ing historical seisnic and Meteorological data are used in the anthodology for determin- 
ing tha aagnitude of reourrenoe interval for theee haaard leadings. Por eartiiqMakes, 
recorded seismic data were used for determing expected ground notion. Por wind loading, 
annual extreme wind speeds for specific mean recurrence intervals are used. 

The types o£ structures considered include braced and unbraced eteel frams, con- 
crete f ranee, Ammx wall atrueturss, coibinatiott frame and shear wall structurss, baarlng 

wall structures, tind long-span roof structures. Although no specific limitations are in- 
posed on application of the methodology, it is intended for buildings with substantial 
oora^aacy, i.e., fifcy or nore paopla. One- and taio-atocy raaidential buHdiaga, tbara- 
fore, are not considered. 
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Three sets f^val na*:i cr. r»"oc:eduroa wore included in this methodology, each set repr^ 
senting d ditfeiieriL ^evei o£ analytical sophistication. Uarsafter, these three sets are 
referred to as the Field Evaluaition NBtllod, th* aspKoadnata taalytieal Mathod, and tha 
Detailad Analytical Mathod. 

Ir. the FielJ Evaluation Method buildings are evaluated on a qualitative basis in tema 
ot iitr\i!^t'j,£cii characteristics, structural configuration, and the degree of deterioration 
of the building. Information on those are obtained from a field survey. Dlla a»tll Od ptO- 
vldas a zapid« in ai qpa n sive means Cox identifying clearly hasardous structure* or poteo" 
tially hasajrdouB ansa requiring a Bore detailed analysis to estlnata daaage. 

In the Approximate Analytical Method buildings are evaluated in tame of the behavior 
of critioal atructural Baabers. Ttia prooedura reqoirea an analyaie of tlte structure to 
Identic critical aaoibeza and determine the stress level induced in these neabers by the 
eKtlSBW envlroments. A set of building plans, specifications, and cMiBtmctlan drawings 
are n s sds d to obtain tlie necessary data required to perfom tfaa analysis. 

Xa tJia Detailad taalytleal Method tha danege level is evaluated on the basis of the 

energy capacity of tt-s ■^f-.m- tn'-f^ . -tu- r ;. -o^vJure requires the use of a -M-ital cjr\r iter 
program for the evuiaatiij.ii. xij Uit. hi^yroximAte Analytical Method, the building data 

needed for input to the computer program would be obtained fron a set of building plans, 
spacificatioaa, and construction drawings. 



Field gvaluation Method 

The Field Evaluation Method can h<s used where evaluation results do not need to be 
refined. This nathod is particularly applicable if building plans are not available. 



For earthquake, a qualitative evaluation of building is made based on a combined 
effect of structural type, vertical resisting elements, and horizontal resisting ele- 
ttsnts. Based prlnarily on the past pexfomanoe of various types of buildings, rela^ 
tive ratings for these three factors are developed. These are used to determine a 
basic structural rating which is the basis for determining tha building capacity. 
This is sboMn stfiesuktloally In Figure 1. 

Raitlngs for various structural types are to aeoount for past perf otoance and 

the degree of uncertainty that the building would perform in a narr. r ant; ::t ated for 
tha ^pe. These ratings are based on dai&age experience and judgment. For instance, 
■oannt resisting steel frames would be rated good, tdieteas unrelnforoed siaeoDry shear 
«alls would be rated poor. 

The vertical resistir. ) ' i-jments include shear walls, shear cores, vertical brac* 
ings, and colunns. In assessing the ratings for the vertical resisting systems, 
"qrvKtry", "quantity" » sad "present condition" of tiiese Individual building elenants 
ACS considered. 

The s>TTCTeti-y describes the eccentricity betve^in the center of mass of the struc- 
ture and the center of stiffness of the vertical resisting elements. Thus, in a 
huH^iqg where the only shear walls are the exterior walls with only one opening in 
the center of the cpposlte walla, and the building plan is rectangular, the building 
would be classified as syanatrlcal. On the other hand, a two-story rectangular 
structure with nearly solid side and rear walls, but with front wall almost entirely 
glased %dth only four snail piers or oolunns, would be classified as vei^ unsysmstri- 
oal. 



DAMAGE EVAUJATIOK METHOOOLOGY 



ttuftbquaice 
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The quantity refers to the number of vertical resisting elements. If there are 
■any long shear walla, it %iDuld be rated good. In the case of motnent-rMlating framm 
•truetuzas of staal or oonerata, both the strength and nuaber of columns are important, 
closer spacing of oolunns, usually about 6 b to 10 ■ bays, a good rating is given. 

The present condition describes wall cracks and other damage. Other damge may 
be damage caused by deterioration from lactlc or tannic acid (frequently found in 
dairy or slaughterhouse facilities) or fxoa severe -pofiping of concrete caused tiy the 
uae of restive aggregates, tfa* degree of dwage in mvA caoe a can cnly be aatiaBted 
by visual obeervation. 

i-or vertical resisting eleneatSf "iquantlty" and "symoetry" are coobined as one 
factor, lllis factor is then cCT^ined with "present oonditicn" to obtain tbe rating 

for the vertical resisting elements, see Figure 2. 

The horixootal resisting elements include diephragas, pcemeter beams, and hori-. 
aeatal bracings. The floor or reef systaais act as horisontal diaptaragaa to distribute 

horizontal forces to the vertical rssisting elements, such as shear walls, moment- 
resisting frames, or braced frames. This diaphragm action is similar to that of a 
horizontal f latj jirder spanning between the vertical resisting elements and may be 
continuous over several supports. Zn tbis analogy, the floor itself nay be coiqpared 
to plate girder %fdft# and tbe narginal beans or walle (chorda) ooaipered to plate girder 
flanges. The floor or roof systex, acting as a air-inr wf?b, is primarily a shear re- 
sisting element. The marginal beams or girder flanges (chords) in diaphragm action 

are prlaaurily subjected to axial loads of tension or eoapresslon. 

shears are transferred by the encliorage beteeen floor or roof and the ehear wUls 

or fr.lM ne.Tli'^ra. TIig determ: nati or. of the adt-quai-y --f anchorage or comiections in- 
volves, uoiiaidfciral'ii; jud^ent uJiless Q,iK^'-j.tii,tlot.it are ciade. For ejcAnj-'lc, wjicre tlia 
floor or roof systems are of cast-in-place concrete and are placed integrally with 
portions of the shear walls or Craaas, generally a good anchorage with shear transfer 
eapaeities can be aasianad dependent on the concrete stxeuylh, concrete slab tbldcness 
and air.Qunt lind a.-.rj-.oragt.' of roinfurciuq atijfjl. WLt): ir.olal deck aysLcms, the diaphragm 
values axB dependent on the deck configuration, attachment between units, gage, and 
attactatenta to aivporta. 

ihe cepacity of the horiSMAtal resieting eysten is dsjpeadent on either tihe ri- 
gidity of the diaphragm, the anchorage capacity of the diaphragm or horizontal brac- 
ings to the vertical resisting system, or the effectiveness of chord members. Thus, 
the. lowest rating of these three factors is considered as the ratincj for the hori- 
zontal resisting systsn. The rating soheoes used to rate the capacity of the hori- 
sontal reeisting aystssis are illustrated in figure 2. 

The Basic Structural Rating which describes the capacity of a building to resist 
the earthquake force is obtained by combining the rating for .structural typo and the 
rating for either tbe vertical resisting systen or the horizontal resisting system, 
whi^e^r provides a lowsr rating. iSie rating saients adopted for this study is illv- 
strated in Plgure 3. 

Horricanis 

Daange to a boilding is dependent on two basic eonsidevations. One is the ef« 

fective wird fnr'js, usually in terms of pressure, positive or negative. On the Other 
is the resistive capacity of the structure to lateral forces and also to uplift 
ftNTces on the roof created by thm atrooture'e shape. 

The aasM rating s^aas used fbr etroctural systene in tSie ease of earthqualn 

can be used for wind in the evaluation of a fcylldini'o shility to resist lateral 
forutis. Bacaase uplift forces are acting simultaneously with the lateral forces, 
additional factors such as roof anchcraiga, andioiraiga to foundatlonf and Inbemsl 
pressure should also be considered. 

v-3e 



■Bie rating of the btiildlng is detemir.cd by taking the lowest rating cf the 
*Poun<iation Anchorage" factor, "I<o»f Anchorage" factor, or the "Basic Structural 

Rating" as defined in the case of eartliqitfke Since tti«se tactors affect the bullding'e 

capacity to resist wind indapaadsnfcly. 



Damage from tornadoes has been most severe to smll« light huildings; although 
tall, flexible* and heavier boildings h*ve suBt«ined bcvb aavere stcuctural dwuge. 
The BOBt eictenelve damage to boildlnge has been to roofs and exterior claddings, in- 
cluding glass. T^ns includes damage from windl^lown debris. B«cause the total effects 
of tornado on a building is not clearly understood at the present time, only a broad 
categoeieal rating of buildings, depending upon their types, is possible. In this 
stuAy. a poor risk rating is given to aaall and li^t buildings. A Mdiiat riak rat- 
ing to small, heavy buildings, ana to large, multi-story buildings that oould be 

rated high in wind and earthquake res is Lance . A good rating can only be given tO 
heavy vault-like buildings knovm to have been designed for tornadoes. 

ncproxiaate itoalytical iiethod 

The Approximate Analytical Method provides a sinf lified analytical procedure for eval- 
uation of the building capability to resist natural hazards by determining stress ratios 
of Gxitloal elsMints of structural elenents. These etrese ratios are the ratios of tibe 
stresses pradnosd by i±m losiWng to limiting stresses of the critical building elements. 

For the purpose of this evaluation, elastic analyses of building respoiise will be 
Goagaied with material design cj^cities. Design stresses will be those designated by 
material specdfieations* In the evaluation, buildings are being analysed, but not designed. 
Stresses i-r. stjructural elemer.ts will be checked for the combined effects of lateral and 
vertical lu-auii. Where lateral loads are included, the coirlsined stresses rr.ay exeed code 
working stresses by one-third, except where not permitted in tlie specifications, with the 
provision that the stresses resulting from design vertical loads alone will not exceed 
eeds design stresses. This msthod, in general, dees net include the use of a dynsmio anal- 
ysia except in qpaeial oases. 



tay important esrthqnske resisting element having ttie highest unit stress as re- 
lated to allowable design stresses is a critical element to be considered in tlie eval- 
uation of the structural system. The term "important" eiement m&arts an element uhich, 
if it failed, would seriously reduoe the e^aeity of the structure as a whole to re- 
sist lateral forces* Soam mabers would not be critical when de f o r med beyond their 
yield level deformations, m other nanbers, yielding may cause an iiqkortant redistri- 
bution of loads. With a multiplicity of well-distributed similar elements, the re- 
distribution of loads would add only a snail percentage of stress to adjoining or 
parallel elememts. 

In most buildings, the eritieal elemsnts will be the vertical resisting elements 

(shear walls or moment resistant frames) and the horizontal resisting elene:its (dia- 
phragms) . This is for earthquake forces acting in the plane of tlie eloisencs. Earth- 
quake forces normal to a wall are a function of Uie weight of the wall itself, where 
a wall hss a long spsn between floor dlsphxegms or vertical frame elements, it might 
be a critloal eleasnt if its failure would produce collapse of tlio building as a 
whole fron vertical loads or in-plane lateral fexoes. 

The highest ratio or stress reeoltlng from the required seismic forces (f ) to 
the allowable material design stress (f^> (including 1/3 ineieaae uhere permitted 
but deducting capacity required by gravity loads) on any critical element is termed 
the critical stress ratio f^/f^. The critical stress ratio is the indicator for 
evaluating the seismic resisting capability of the structure. I/oad factors and ulti- 
mata o^pmcittes are used for opmerete design and for plastic deaigD of structural steel. 
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Both ir;tern3! and external pressures must be considered on portions of bulldinga 
Buch as roofs and walls. Corners of walls are ej^posed to high negative pressures. 

niese eoxners ihould b« dMcJud. 

In dtttamlniag the reapons* of tin building u a «4iola< the typ* of dlaphra^R 

system must be considered. A stiff diaphragm will distribute horizontal forces to 
vertical resisting elements in proportion to their relative rigidities. A flexible 
diaphragm will distribute forces to vertical eleaanta aore nearly pr«[partioned to tike 
tributaxy-eivoaed tiind aurfaoas. 

The usual critical elements fcr wind resistance are, as in earthquake resistance, 
the vertical resisting element^ (shear walls, braced bays, or moment resistant frames) 
and the horizontal resisting elements (diaphragms). There is a major difference, hoM" 
evexi in that wind foroea are applied to eiqpoeed aoxfaces while earthquake foroee 
originate at oenters of oaea and are proportional to naas. Tiam, a lightweight ex> 
terior wall might have a relatively small earthqua)ce force normal to the wall but would 
be exposed to wind forces which are indcpe.idcnt of the weight of the wall. 

The calculationa toe the adeq^ftcy of the building to resist wind foreee call be 
made using any of the s^ndard analytloal procedures. iHe lateral loading to each 

story level is detemined with positive pressures on the windward side and negative 
pressures on the leeward side. Ihe path by which these forces are transmitted to 
tiie vertical resisting eleasnts is detsxniaed sod the adaqqaey of di^qphragn or hori- 
zontal bracing system to transmit thess foross should be evaluated. Lateral forces 
are applied to the vertical resisting elsmnts at eadi level and the stresses should 
be analysed, the overturning stvesses rtMMld be cAiedced* including uplift on founda* 
tioos. 

The highest ratio of stress resulting from the wind forces applicable to the 
site (f^) to the allowable material design stress (f^) (Including 1/3 increase where 
permitted bat deducting capacity required by grsvl^ losds) on aiqr critical elsnsnt 
is termed the critical stress ratio £^f^* 

toensdo 

For the purpose of evaluation, it will be assumed that a free field wind velocity 
of 200 miles per hour and a pressure drop of 1.2 psi. Using the formula F = .0025 
to convert velocity to pressure gives P • 100 psf. The 1.2 psi pressure drop is, ooo- 
vertlng units, egual to a suction or uqplift of 172 psf. if it is assusMd that tOK- 
nadoes are similar to other high winds, such as hurricanes, with respect to the re- 
lationship cf prtiSBurfes on windward and leeward sides, one finds those coefficients 
of the velocity pressures to be 0.8 and either 0.5 or 0.6, respectively; dcip«nding 
on tlw height-width ratio of the building. Thus, the total lateral force on a build* 
Ing sidbjeeted to tornadoes for a noderata degree of protection will be 100 x (0.8 * 
p.S or 0.6) - 130 or 140 psf. 

There are protsably very few buildings tliat will be undauged if In the direct 
path of a strong tornado. The least likely to be severely dSMged will be heavy 
reinforced concrete or reinforced SMaonry vault-like stmetursa one or two stories 

In hoigV.'i, with rflatively heavy and solid walls. Taller buildinqs designed to 
teaist nurricdiics may iiave Ixaited damage, but proWbiy will not collapse unless 
they are of unusual configuration or have large roof overhangs or open sides, light 
buildings of wood frans or steel fxtmt and OMtal sidings have been known to have 
been torn froai their foundations and blown considerable dlstanoas. It is possible, 
however, to provide such light buildings with scino resistanos to winds by proper 
anchorage to foundations to the ground to resist uplift. 

If a building has been evaluated for wind and given a poor rsting, it will be 
considered to be inadeguate to resist tornadoes, lbs ability of roof systasB, designed 
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only for gravity loads, to resist reversals from uplift need to be evaluated, "ttie 
wall capacities nust be checked for direct horizontal positive and negative force. 

ThG tloor and roof systeni; must be checlced for adequacy as diaiihragms Lu trarismit. 

latexal forces to the vertical resisting elements. Anchorage of walls to footings 
ahoald be eh e cfceJ for cmpmslty to raalst mUMng eoolsiiMd tAtb vertical iqpllft obA 
overturning. The footings themselves should be chaclced for sliding resistance « up- 
lift, and overturning forces. In chedcing these the purpose is to determine the retio 
of etzeeaes ze««ltlng tram tJie Iqpoeed taznado loads to the eapaellY of the atncture. 



In each of the various realstlng ayataaoir auch as roof, floors, ahear i*allSr or 

moment-resisting frames, there may be one or more critical elements which will fail 
before the other elements. Care must be taken not to derate a building because of 
ODe non-l^tortant element, whexa Hue failure of such an element would not cause fail- 
ure of e aystSBf hut would only oaoae niaor rv^iatxihution of loads « aueh a aMber 
would not be a ad.tioal eleaeut. Oe psooeduze fbz detezalniiig the critical straaa 
zatiLo la the aosM tliet wee uaed in the ease fbr hurricane. 



Oatatled analytical Method 

niiB ■Btdiod is based on a nodalar oooiputer pzograai vith e«ai nodnle dealing with a 
partiealar aapeet of the diagesiblllty j^dietion padbltm uhidh includes i 



2. Structural Characterization 

3. Response Oonputation 

4. BatiflMtioD of Potential 



For seismic loads, historical and recorded data are used along with the program de- 
scribing the seismic ajid wind activity for Che entire continental United states, Alaska, 
and Hawaii* fllaterieally baaed toraadD and huzrleane activity ft>r tlie continental United 

states Is included. With the^^p Ha^-p., thp prograir vi 1 1 -o— -t'-rr, in a probabilistic sense, 
the specific environment of any given Jsuxlding site m the country'. Alternatively, the 
user nay «iiooee to inpot aiqr of theae loada dizoetly. 

Stroetural sedala of varying eonplexity can he qooaratad depending en tiie availabili'* 

ty of structural data and the level of effort selected for a particular task. Damage pre- 
dictions are made on the basis of the building's response to the appropriate loading oon- 
ditions. Damageability data characterizing the capacity of the building to resist fioll- 
ure unat be input by the naer* Algorithm for confuting damage are baaed on the assunp- 
tlon that percent danage varies oentinuoosly with key response paranetara. nieae key pa- 
rameters have been selected and are incorporat' J the progr<un. The forns of dansga 
distribution curves as functions of response axe also built into the program. The user 
■ay eihoose values of the parameters of these functions in accordance with prepared guide- 
llauB and exsrcise his judgment according to the application at hand. A scheaatio pre^ 
' eentation of I3m conputer program is given in Figure 4. 

Hatural Hazard Loading 

Barthqualte Loada 

site loads for an earthquake are defined by a ground site response ^^LcLr^a;. 
Ihis response spectrum reflects an aiqplification of the hardrock spectrum for the 
eita, whldi is ffeeqoency depe n d ent , the hardrock ^eetrm is generated in either of 
two ways. If the risk option is selected, the user must input selsmlcity data from 
the Seismic Map provided with the coniputer progxaim. By further specifying either a 
return period or building life and probability of non-occurrence, a risk earthquake 
defined by its Bitter magnitude is computed. If the risk option is by-passed, then 
the user ■net input a siditer Magnitude end a hypoeentrai distance, in either 
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tiM cQuputer program ooqputM tkm wmtiw$m hacteock aooeleratloft, veleol^, and di«- 
plaoaMiit At tlia «ita. 

muericana Loada 

If a wind velocity is gaiMratad finr tha spaelfiad alta, than a statiatleal. ra- 
graaaioa analysis is used to conpttta a aaaa wind volociQr glvan althar a rattan 

period or btiilding life and probability of aott-oc mu tra u ca . K standard devlatlm is 
also conputed and may be used to establish sor.e degree of confidence in the wind 
velocity selected for analysis. If the user desires, he nay alternately choose to 
input a wind velocity for analysis. As in tha ease of aartbcjoaks, local site condi-' 
tions nodify the wind wlodl^ ubicb is dataxainad on the basis of hiatorical data. 
For example, free-field tdnd valocities in large cities are attenuated by the pre- 
sence of buildinga, whereeis, on an open prairie, the attenuation is comparatively 
small as one ^proaches tha around. Thus, in figuring the wind load on a building, 
atirfaoa OHiditiaaa asa aoconntad fe^ ky ^paelfjrlag • slta oondltltm paraMtar* 

Tornado Loads 

The probability of being hit by a tornado can be oooputed fron historical data. 
Hemvar* tha oaar miat apacify a tornado wind valoci^. in this casa» tha static 
raqponae of the building will bo oo^^tad and danage assaaanents nada. 

structural Omractariiation 

thraa ganaral levels are offered for atruetisal d|fnanic aodalingi 

1. A Dutiiiiud Modal 

2. h Story-Stiffness Model 

3. Jin Bipirleal Modal 

It is noted that all of the modeling options lead to the sane baale ^ynanie ohavao- 
terizationt building natural frequencies end nodal diaplsceaienta. 

The three modeling options are illustrated in Figures 5, 6, and 7, If the user se- 
lects "Detailiid Model" option to generate a detailed stiffness aiatrix for the structtire, 
than the stiffness matrix is constructed frame by frame, atocy by story, from top to bot- 
ton* Sach fsaM is parallel to the direction of notion In a vertical plana. Stiffnaaa 
and aass oontrlbtttloBa from each frsM are superposed in fOcmolating the two-diaanslonal 

model of a building. If th<i> user dosirtia "5 tory-Stif fness Model" option, he must input 
a story stiffness and story iieight data toe each building story. A total story-stiffness 
is the sum of the stiffness produced by all columns, partitions, walls, and other lateral 
force resisting fla^panents at that story. If an aapirical model ia to he generated, than 
the uaor mst ihput an estlaata of tha building's fund— ntal period and story hei^ta* 
A stcaight-lina ttoda is asaiMSd to oo^puta daflactions. 

Hesponae oospatation 

RBspoaso eoavvtations aro made for aarthquafca loads, for tornado and bnrrieano loads, 
and for i^lift dus to wind. Ponding loads are alao co^utad in tlM long-span roof sub- 
routine. 

The response of a building to earthquake ground notion is evaluated by determining 
the peak a»dal reaponaa in each of the nodes (a aasiaun of six is considered) , and com- 
bining their oontributlons to the total response, h damping, a ductility factor, a modal 

combination scheme, and a value for cjc}i stnry'y. dri f t-ro-yield aro ustid to -onpute an 
effective ductility for the building. An iterative procedure must be used to establish 
consistent values of dMping and response as damping is defined as e function of ductility. 
Nhile this operation seams to be stable and typically converges in a few cycles (three or 
feur), an upper limit (e.g., aix) on the number of interactions is put in and used to transfer 
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coofezol out of the Iteeatiirtt Ifxip In caw tlie cQ^«t«tions 4o not converge to within five 
pOECaat aeeuraqr* VbLm ouy only occur «lt«n olaato-plaatlc responsa Is oaosldand. 



Intttr-stozy drift, paeudo-valocity* anA alwolttto accoleration ara ooietttad for aach 
Btozy. In addition, stozy foroas and ahaars ace oonputed. 

The response of a baiidinq to wir.d is tr'jatod as j static problom. The forco actincj 

along the Jbuildiiig is cooputed by miltiplying the pressure at eacb story by the tributary 
•tsry area. For tha detailed and story-stiffnass nodala, Uia invartad stiffnaas natrix 

is xisDd to ccnpute deflection of the building. If the enpirical rrodeling option is chosen* 
the building response is calculated considering the building to be a unifozn cantilever 
bosB uaiag a aiaplified analysis. 

Evaluation of DAinj<.j'-- 

Potential damage to a building which may result from eiq^osure to the environmental 
loads computed for the building alta la avalttated in a damage subroutine. Danage is ea- 
picaaaed in percent of total damage on a atoxy-fay-atoxy basis. Daaaga ia ooaputed indepen- 
dently for earthquake, hurricane, and tornado. It is segregated into three eategoriesi 

structural, non-structural, and glas;;. Tr. the case of structural daaage» the damage iS 
further subdivided into damage to frame, walls, and diaphragms. 

the key zeaponse paxanatara used to predict daMge in each case are outlined belcw. 



Karthguaka 

a. Structural I Interstory 1>rift 

b. Non-structural: Floor Vulgcity or Acceleration 
e* Glaaas Intarstory Drift 

Wind* Tornado, or Hurricana 

a. Structural t Intarstory Drift 

b. Partitions: Interstory Drift 

c. Glass: Direct Pressure 



Ihis report presents a methodology for evaluating the potential damage of buildings 
d.iia to earthquaka and extzasie wind including tornado and hurricane. Three indspandant, 

but related, sets of procedures are developed. These ranged from a qualitative procedure 
based on field surveys data to a detailed analytical procedure involving a digital com- 
puter program. Historical seismic and meteorological data are used as the basis for estab- 
liahing environoieotal loads. Damage estiitMktas era based on enpirical correlations between 
Btructural resipooae and oMervod damag« «o^pi«a with ■agijiaerliig jud^enfe. 
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BASiC STRUCTURAL RATING (BSR) 

_ GR + 2 (LARGER OF SRI OR SR2) 



RATING OF TYPES OF STRUCTURE (GR) 



Figure 3. Scheme for Determining Basic Structural 
Rating 



V-46 



INPUT 

• Environnental Data 
for j3arthquaKe, 
Hiikd And Tornado as 
Required for S«lftcted 
il«tard3 

• StTttCtural KoUeling 
Data According to 
Specified Modeling 
Option 



SUBROUTINE: 
L0AOS 



S'l'3 ROUTINE: 
STRUCT 



• Damping Type 

• Ductility to Failure 

• Interstory Drift- 
To-Yiaid 



SUSROUTI.'iE: 
OYNAHC 



• Building Data 
lleedcd to 
Cooipute Pres- 
•ure OistribtttioR 
(Dimensions, Floor 
Weights) 



« Roof conf icjuration 
Data and Analysis 
Options 



e Damageability Data 
CQuality Factors} 



SUBROUTINE: 
STATIC 



• Compute Site Earth- 
qeake Loads 



Define 

Structural 

Model 




NO 




Evaluate Dynanie 
Hesponse to Sit;e 
Ground Motion 




NO 



SUBROUTine: 








SUB ROUT 


[N£: 
MCI 



• Evaluate Equivalent 
Static Response to 
Wind and Tornado 



Evaluate Equivalent 
Static Response of 
Long-Span Itoof to 
Uplift and Ponding 



Evaluate Structural and 
Non Structural Daraage to 
Building Due to EArth** 
quakSt Hind, and/or 
Tornado 



Figure 4. Schematic of Computer Program 
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MODE 
S8APES 



DBFLECT20H 
AMD SHEARS 



Figure 6. Story Stiffness Model 




MODE DEFLECTION 
S8APB AMD SBBAIIS 



Figure 7. Empirical Model 
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MODE 
SHAPES 



DEFLECTION 
AND SHEARS 





MODE 



MID SSBAltS 



mSMt IfAUi OR PRAMS AND SHEAR HALL SUXLDIM6 



Figure 5. Detailed Frame Model Options 



V-49 



Metz Ref erenoe Boom 
University at Illlnole 
B106 NCEL 

208 N. Homine Street 



BxraoMBiiniL Tosshxa m turn assisnic auuttcmawic or 
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The results of static and &ynami.e teets on a ^^herlcal steal tank ace given In 

detcd.1. A theoretical technique to explain the "sloshing" effect is presented. A 
profKJSal for a safer design procedure to replace the present aselsmic dtniga prac* 
tioe la presented. 



Key Nbrdes Dynamic analysis; earthquake; soisinic desl^ni •elsBie responsst 

spherical tanks; structural design. 
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It has recently b««n pointed out that large tanks containing flammable materials in 
and around dBOMly populated cities present a dangezoua situation for the saf«^ of citl- 
cens during mmwxm earthquakes. All peopla in Vokyo, for instance, would be burnt if all 
pottolsum aa4 liquid petroleum gas in and azound Taikyo should catch firs due to an earth- 
<iaaks. 

UnfortuDstsly, aseismic design of Ulsss tanks has not been sdequatsly davslopcd. For- 
tunately, research on the aseissie properties of spherical tanks used for liquid butane gaa 
has been oooducted by various coaaittees. Recent results on sane of this researdi will 
be pxaaented herein. 



The tost upccirnen that was selected consisted of a one-third scale model of a large 
spherical tank. The dijuensions of the test apeciaten are illustrated in Figure 1. The 
weight of the test specitian was ten tons and can oontain ISO tons of water (8B tons of 

butane gas). The veic^ht of tlto test specimen was liadtad by the capacity of tiie shaike 
table, details of which axu shown in Figiire 2. 

initially, the test ajpeciawn ma sut^eeted to static lateral loading by slightly tilt- 
ing the spedrnn, as is ahcwn in Pigtirs 3. fliis type of loading was eiqpeeted to give data 

on the stress distributions in various parts of tJie specimen and the basic lateral stiff- 
ness of the specimen. The location of the strain gages and other measuring devices are 
dsseribed in Figure 4. 

Ihe test specimen was then subjected to the dynamic loading. Initially, hand-po w ered 
excitations were induced in order to obtair. the approximate fundamental period and damping 
cduuracteristics of the test specimen. Mechanical input forces, using a sinusoidal wave 
within the range of O h to le h^, were then applied. Ale«^ forces of actual and sisnlated 
earthquake motions, sucn as the El Centro Earthquake, Hidakasankei Earthquake, randomly 
modified El Centrol Earthquake, were also applied to the test specimen. The quantity of 
water, which represents the amount of liquid butane gas, was varied by the following per- 
centages s 0%, 20%, 30%, 50%, 60%, 70%, 80%, 90%, and full. Dtrough this variation in the 
water content, the ooivl^te a^et of the sloshing phenonenon wae nade clear. 

Thu £i.nal iitage a£ tiiu. experimenc was to Induce a failure mechanism by inputing a 

wave of the modified El Centre Barthgnake with 400 galloaa of peak accelaratlon with 85% 
of the full water capacity. 

In order to measure accelerations, ten acceleronetftrs were utilised. To measure re- 
lative displacenents at the base, transducers were attached betw«!en the test specimen and 
a rigid safety guard. Ibis guard was installed around the test specimen to protect the 
traaadueers in oase of prawatiire failure. Prior to the dynaaic and static tests, tensile 
forces were induced into the diagonal braces by asans of toggle bolts. Ttm tansils strains 
that were imi-osed were of the order of 250 y ia./in.* the waiua of «^ich ia typical Of the 
Strains induced in tanks used in the field. 



Static Tilting Test 

Figure 5 describes the experisaental results from which the lateral stiffness esa be 
ccopttted. Also shown is the calculated load-defomation response. The calculated load- 
deftonnatioa curve and thus* the lateral stiffneaa was based upon tha following assunptlon. 

i) The iQiharieal shell is aeeaned to be rigid (at Point a shown in Figure 6) . 



soon OF EIPBRIlBinCS 



DisoDSSiai or ihb 
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11) The Point "a" In Figure 6 is assumed to be the centftr Of tbe OOfUUMetiOB 
fa«tH8«n the tubular column and tho qphexloal shell. 

Hi) Deformation of the norTii:"„>rii is detemir.ed by using a conventional energ>" 
method, excluding shtsar deformations. Surrounding the connection to the 
tidMilar column, significant atrass ooocentratloiw were obaerved at a dis- 
tanoe within three tiaea thiokneas of the spherical shell, using the 
above area, about four tiaas the yielding strain should be expected when 
30% of the total woight is applied as a lateral static loading. Outside 
of this connection area, the atresa concentration effect can be disregarded. 

Blaatic Dynaaic Teat 

In ci-df.r ro determine tlw dynaoic propertlea Of tlie teat vmeimm, the following fa^ 

tors must be detamined: 

1} Cbaraetexistic Pezlod 
li> Fraction of Critical Dei^iBg 
ill) Effective Kaaa of the Bynaade Syatan 

iv) Response to the Earthquake Loading 

a) Periods and Danping 

When the test structure contains a liquid, the so-called "sloshing phenomenon* 
(motion ol the: fruo surface of tlie liquid) becomes a comnon problem and thus the 
simplified model illustrated in Figure 8 is useful m understanding tJiis coaiplicated 
behavior. If£, given in Figure 8, ia called the "fixed water"; is called the 
"effective nass for aloahlng"; ie the lateral atiffheaa of the atroetaref and 

is the virtual stiffnecc, all of these parameters characterize the shoshing phenonp- 
noii. In this QxpCTisaerit, Wg and Vig axo of tht; sane order, however, is much smaller 
than K^. Therefore, the tv«j resonance modes appear to be independent and thus the 
"structural period, Tf" and "aloshing period, T^" a»dea will be defined as follows t 

Tf = It /Wj + W^/g • k£ 

Through a free vibration test, excited by iirpulse shock and through resonance curves 
obtained by hanautic excitation froB 0 H. to 16 U , periods and fraction of critical 
danping, as indicated la T«l>le 1, were oStalaed. The diffeceooa in the fraotien of 
damping as obtained from the free vibration and the one obtained from the resonanco 
ciirve nay be due to the powerless performance of the shake table. The damping of 
the aloehing la axtx«Mly mttCkX, and ainoat ispoaaitolB to atata niaayieally (0.043t). 

b) Stiffteeae and Effective Nass for sloshing 

The lateral stiffness ol the structures, as obtained from the static tilting 

test and toy the thaoretieal calculation, o^neldaa exactly. 

The values of Wf and were obtained from the ej^erlaantal results. Oottaider 

tho wei jht of thf^ =:tru;""turp without water to be equal to W , the lateral stiffness 

o 

k^, Che scructurai period without water T^, and with water T^, and the dynamic factor 
of the structure Vf If of tboaa parameters are kaeun txom d^yaaBio feasts, then 

*f ^ • «»f/2i»>* «f 9 
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ThBrefbre* the fraction of flaod vator f (n) to total mtax lsi 

If «« define the dynale factor of iloililitg, wlthoat deapi»9» as y^, and the 
baae dlsplaoeaant as < and 0 as $ - ^^^* 
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The shear lorce or iatcfax spring Fg in the structure can be expressed as; 

Oalng this value, the ^yoanle factor of the atrocture ^ can be ej^nased aai 



It 




where = ^c/^f 

Noting that » 4«^/Tg W^/g and aubatltutlng thia relation into the above 
equation, giveat 




Ujina t^KJ cxpcr imt'r.r:al results and noting that ti^.c siw. of and equal the total 
weight W , that and are constant and are independent o£ the anvlitude or £re- 
quenoy or tiie input aoeelantien, the paraaater f<i|) la obtained aa ahown in Figure 9. 

c) Response to Earthquaice Excitations 

The linear responae of the tank to the modified £1 Centre Earthquake is tabu- 
lated in Itblm 2. fha waning of "tadifiod* in in relatlon^p to a digital filter- 
ing process that is requiroi in ordsr to assamG that the maxiBiurr. displacement of the 
earthquake is limited within the naxin-om stroke of the shake table, in this experi- 
ment, the naxinun di spl :icen'.'";nt was limited to 2.5 CT. for a peak accolerarvon of 4(>0 
gallons. When the capacity o£ the shake table is not sufficient to excite a heavy 
tea^ apeoiaen, the apeetrm ratio between input and output eentaina a dip along the 
frequenrv' ctirve cf tlie structure. Unfortiinately, this condition occurred during the 
testing ol tho tjjik structure. Figure 10 shows the rfesponst spectrum of the output 
wave CIS recorded at the shake table. The deep dip can be seen in Figure 10 dxiring 
the fondanental atxuotural period. No^fieation of the earthquake excitation will 
not iaprova the leaponae and little can be dbeemrad about iSm aloahiag 



^naadc Test of Failure Mechanis w 

The failure BBchanian tast waa inatitutad by iaqpoaing input of the foma related to 
the aodlfied Bl Gentro Earthquake {H-s ooep.) wave with water oontant ration equal to 75% 
and 85%. Assuming the water content ratio equal to \ , the equivalent fixed "liquid" 
ratio y for A percent content of liquid butane gas caE then be estioated as given in the 
ftollowittg procedurei 

Aaauna a denaity of liquid butane gas equal to p - 0.S85 and a fixed water 
water ratio fin) for a water content ratio \ » then is related by tha 

following e]q>re6Bion, 

ply - 
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vxem Figuxe 9« £or Instanos* if y is Msmed to ba 75%, th«n is 0.53 and tbas Ay equals 
0.68. Onoa agaio froa Vlqur* 9, thm valtw of X and y ara 0.915 and 0.74, reapactively. 

By this proceclure« it niay be understood that 75% of the water content is equlvalant; to 
91.5% of the butane liquid content, in view of the "fixed liquid" weight. 

In Fignxa lit the xelation batween the nqponse aeoeleration and xeflponsa dl^plaea^ 
■ant, as tlie reaolts of the failim aeeAiattinii djifaanic teat, is shoim. Doe to the laelastle 

property of t^ie lateral stiffness beyond the application of 260 gallons, the acceleration 
and displacenient is not linear, but has a multi-lloaar response which can be predicted 
tiMNuetloally as is lUuatcatod la Flgnre 11, 

Fracture was ofasmrved at the connection in the area of the diagonal bracing bars. 
Almost simultaneously, failure was also observed in the tubular colunn around the ar^a of 
the connection to the lateral bracing. No visual failure was seen in the shell sphere at 
ttM conneetion to the tdbular oolian. in Figure* 13, 13, and 14, the tiaia hlatocy reeponae 
at various locations are shoim. These responses are the displaoeaents and accelerations 
at the base and at tike oaafeer of the structure, the strains in the diagonal bracings, and 
the atraina la the shall adjaoant to tiM tabular coluan eonuaetloBs, 



OONCSDSXOM 

Through a aeries of aiQwrlMnts the fbHowiag obaervatlona have been aadai 

1} ihe sloAlag faeksvlor can be tcaated quits axaetl^r hy use of a siaplified 
■odel. 

2) ftae fkaqueney poriods flor the structure and sloshing axe; 

(Sloshing period) - i/Spg mM 

where 

D • ***T'^*ir- of spherioal tank 
9 ■ Gzarvi^ aeoeleration 

n = Hater content ratio 
8(n) B Function of n as shown in Figure 15 
Xn Hiia aiverlaaat 9^ la ev<med 

- 0.134 mM 
as ahowB la Figure 15. T, 

- 2i Alj + M^g • kg 

where 

- 1^ • f 

- Weight of steel tank itself 

£(n) Function of n as shown in Figure 15 
kg - struBtural lateral stiffkiaas as givsn pcsvioosly 

3) Flraetian of Critical OMplag 

For atrootval dating* tiie freetlon of critical flawing ia 0.6%, while Cor 
sloshingf the ficaction of critioal dsivlag is 0.043%. 
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4) Ihe spherical staeU can b« M8Um4 to a xlgid bodg, as Indicatsd by tba 
calcttlatatf tittmam and atMaaaa in tha dtagaml bncM. 

5) Excitation in the Transverse Oirectioa 

About 20% transverse eseltatioii was observed during the last stage of the 

exp«rinent. 

6) Aseisnic Coefficient 

The yielding ahMring foroa was equivalent to the base shear coefficient 

(aseisBiic coefficient) of 1.00. Therefore, if a response dynamic factor ia 
assumed to equal 3.0-4.0, then this type of tank will not be safe wIlSB SUb* 
jected to a peak aqceleration equal to or greater than 0.3 g. 

7> ilie sloshing phanoannoii was observed during the last stage of excitation. 



OOMMBNT ON THE SAFETY CP THE STEEL SPHBRICAI. TANKS 

In view of the explosive potential of these types of tarJcs, fracture cannot be per- 
taitted during severe earthquake laotions. Because fracture of the diagonal bracing does 
not lead to total collapse of the structure, the load capacity based on that load wbicA 
inducea a yielding lateral force can be used aa a daaign criterion. 

In the case of smaller tanks, as vp.?, "rb.is test 5pf?rineri, the response dyrianiL; factor to 
earthquake notions will be about 3.0 to 4.0. If the size of the tank is increased, then 
tha f und aa en tal period will be Inevaued, so the response dynamic factor will be reduced 
to a value of 2.0-1.0. in this sense* the base shear coefficiant should be deteminad 
according to the fundmeatal period. Ooosidaring that the veeerved strength of tbsse 
types of tanks is about three tinee the alaatic daaign e ti o ngCh * tbe fiBllowisg base shear 
coefficient (C^) is appropriate. 

- 0.45 - 0.6 Tf ^ 1.0 sec. 

Cg - 0.45 - 0.6 ^ (Effect of Sloshing} T£ > 1.0 sec. 
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folly adoiowladge. 
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Fig. -2 THE CAPACITY OF THE SHAKING TABLE 
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Fig. -4 LOCATION OF STRAIN GAGES 
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BESEARCH OH MINI1UZIN6 EAimiQUAKE STRUCTURAL DAMAGE 
10 SZHOU-PJMXlar DMOUHOB 



by 



VllliaH J. liKiMr« V.B. 



Office of VoUcjt Day lq p— a t and MMacdi 
DaiparteMat of Honsiaff and Oxban Bowleg— itt 



This paper discusses proposed research work to be carried out by the Applied 
Technology Council of the structiixel engineers Association of California under 
the sponsorship of tiie Dapartasiit of Rousing and OAan DovolofMnt. Hm objective 
of tin project Is to develop a manual of recoanended construction practice for 
oarflkVMke resistive dMllingsi for use primarily by builders, building officials, 
flold inspectosst plan diodkors* and daslgnors. 

Ham wumal is intended to explain tlM straetoral behavior of single-fanily 

dwellings and townhousos subjected tc forces produced by earthcua*:p ^hn^ks, illu- 
strate the HUD Minimum Property standards, building code earthquake requirements 
and sound practical construction methods and details for the reduction of single 
family dwelling dmage. The paper discusses tiie need for this research, the var> 
lous tasks the coBtraetor will parfox«« and the final prodncts expected to be 
aclil«nmd by tba xosoazA progranu 



Key Words t EuUding codes, ccnstroction praetioesf daaags; earthquake; housesi 

residential dwelling. 
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Hi8toric«lly« there has been • gnat deal of Intersst on the part of the engineering 
profession in investigating the damage to buildings and other structures as a result of 
seismic activity. ir, the 'Jiiitcd state-;;, a^- in other coiuitries, disaster teams cooipose4 
of qualified experts in the field are ajDong the first p«opIe at the site following an 
earthquake or similar disaster. Alis eeti^ty has even been espanded into international 
cooperation whereby disaatexs Whl^ oeeor any plaoe in the world are thoroughly Inveetl- 
gated. 

The results of these investigations can be found in detailed reports which identify 
the aany types of failures whidi have eoourred aiid« in greater or leaser degree, oCfar 
reoOMnendatioos for prevention of the types of failure observed in the future. The in- 
corporation of these reconnendations by professional engineers into buildings for which 
tJxjy have dtjsign responsibility, ever, triougti perha:-^ r.ot incorporated into building codes 
and standards, is by virtue of the professionalism of the engineer as a natter o£ good 
engineering practice. Iliis ie not alMaye the eese in tlioee typee of buildings which My 
not have a professional ■-ngineer or architect in respanstble charge of the :3osiqn. This 
class of building is 'jsuaiiy the smglo tajtiiy house. It is because of U*i.; 5ituatian 
that the Department of Housing and Urban Development has initiated a research program 
into the area of the redootioa and/or prevention of the types of failures observed in 
single faaily housing in past eartiiquakeB. 

kimnq ti^a many reports ot tha gLIh^z. t^f paiit ejxt-li^uikkes, okkj at tlit s^ui iXf^-;.-: j-cant 
was a study on the performance of single family dwellings in the San Fernando Earthquake 
of February 9, 1971. This study found that the total financial losses to single family 
dwellings in the San Fernando aree were larger then the financial losses to any otiier 
b'p'lding cate7or^,' In the private sector. Koc-i frarr.o dwi- ' i n generally had Increasing 
dackiyc ir. Ui« foilowiiiy order: ona-stwr/, two-stoxy, and i^li:. level. The primary cause 
of the overall damage to the buildings was attributed to the lack of adequate lateral 
bracing. The types of dwelling ccaiponents with the higher danage values were the exterior 
wall finish, the interior wall i^Aish on the exterior well, and the interior partition 
finish. Tha increase in damageability progresseo frcn the nar -brittle finished materials 
(plywood) to the more brittle materials (stuccoi i^yspura lath, and plasterr etc.). 

In order to attack this problea, the Oepartnent of Housing and Urban Develo^isent has 
engaged tiia services of the Jlpplied Vedmology Council, which is a nonprofit oorperaticn 

estaj.Iished in October 1971 by the Structural Engineers Association of Calif irriij. ATC 
Will embark on a research project, the objective of which will be to develop * oianuai of 
reconmended construction practices for car'-'-.qudke resistive single family residential 
buildings for the use prlnarily of builders, building officials, field inspectors, plan 
checkers, and designers, the manual will e^tplain the structural behavior of single fanily 
dwellings subjected to forces produced by earthquake shocks, illustrate the Departmental 
Hinimum Property St^idardg. and Buiidxrig Code Requirements, and further illustrate sound 
practical construction methods and details for the reduction of structural damage due to 
earthfjuakes. The manual will illustrate recoavended oonstruction details, architectural 
layouts, types of construction reoonsanded or to be avoided, and methods of installing 
mechanical equipmer.t tc resist seismic forctis. Tt lr int.-;.ied that the nar.ujl lo self" 
esqplanatory for rapid And clear under star.iiag ot tiie .niaterxal contair.a-- U.*.i;ui.i.. 

several resource documents illustxating single family house failures due to earth- 
quakes will be used by MC in performing this project which is anticipated to take a p pr o n - 

imately twelve nonth?; for completion. nTC will perform t;-.-j- ^icjject ir. a sLrioG cf w:-ll- 
defiaed tasks including: a tevic.*- ot exuitiiis itsuikicjc iitcfuLur'-, a review u£ Uic riuu/FHA 
MPS and earthquake code requirements, development of constructioi . Is including 

svpplimentary engineering analysis and an educational slide presentation to builder 
organisations and related groups. 

Of primary imptictance to the UJNR panel on wind and seismic effects is Task 3, which 
is ths development of construction details. ATC will develop typical engineering drawings, 
illustrations, and details for residential dwellings which are required to resist forces 
froB earthquakes witli appropriate descriptions and ei^Ianatieos so that the full intent 
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of tha eanBtxuetloo aetall imiy ba easily undaEStood bf a bulldar. The construction details 
will ba pzasantad in such a ■aimer that analytical ealcnlations by the user of the manual 

will not be necessary in order to fabricate tJie detail. II necesaaiy , buch details will 

be categorized by the earttaq^uake zones in the United States, i.e., 1, 2, or 3. However, 
it will ba required tiMt tiie details be avbstafttiatad fay calculations to tbs wtent necas- 

sary for the engineering justification Of tbe integrity of tha design to rasist aaiaade 

forces. Typical details will be illustrated for the various types of construction n»st 
conoonly used in the United States fcr res idei"itial dwellinqi; m sei snically active/ ar'iris 
Including: wood frame with wood siding, wood frame and brick veneer, wood fraaie and stucco, 
brl€dc or block mutonty, steel and/or alunlnun frame with siding and/or nasonry -veneer and 

other prevalent conventional combinations of framing materials and buildinq ccrnp'OnGnts . 
Included also will be construction dc-taila iTor Laaocuint ajid slab loujidatior.a, ziva structure 
of the dwelling, installation of utilities and mechanical equipment, chimneys and fire- 
places, attached garages and other architectural and structural coaponents which affect 
the strengtii, rigidity, and stability of th» dMttllings. 

In Qtdus thAt this data can be effectively transmitted into the iiarui:^ of the ultimate 
users, a slide presentation accompanied by apprcpriate tAKt'OSterial and voice tape will 
be used to ea^lain the contents of the nanual to uaar groopa* such as builders, building 
officials, and designexe. the presentation will be self-es^lanatory so that it nay be 

presented to the organizations without the need of experts for extenr-ive interpretation. 
Prior to extensive national ei^sure, presentations will be made by ATC to home builder 
organisations, designers, and building officials in Los Angeles, San Praneisoo, Portland* 
Oregon* and Seattle* Washington. After these sessions* the slide presentation will be 
revised as necessary based upon the questions raised by the audience and the appropriate 
answers which develop fj-on the discussions. The revision.s will b;3 such ti-.at the presenta- 
tion becomes self-explanatory so that it may be presented by others without further ex- 
planation being required. 

Wliile tills paper has only dealt with our sr.-g&ir.g researcii activity, the results of 
which are not yet available, it was felt that it would be of interest to this body in tenns 
of a knowledge of the type of activity irttich is being sponsored by the Department of Uous- 
ing and Urban Developnent in the area of disaster nitigation and loss control. At tlie 

next meeting of the U.S. -Japan Tanel on WinrJ and Eeisnic rffects, vr- will nake available 
the final reports of this research and present the audio visual program tor your further 
infbCMttign. 
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BY mt NATIONAL SCIENCE FOUNDATION 



by 



OtarlftS C. Thi«l 

Trogran Manager, EarthquaJcp Knc'lneering 
Besearcn Applications Directorate (RANN) 
MAtianal Seirae* Foniidatien 



A sunmary of earthquake engineering research work conducted by various re- 
saarcbers throuc^tout the united states oader the sponsorship of the National 
sdance Foundation la prwentad. 



Kay itords: Earthquake angijtMrlng} grantt SMW; sfionaorahlp} structural englnaaring. 
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Numerous recent publications attest to the seriousness of the hazard presented by 
eartbqitakas to peqples and econoiu.es« both of the United states and of the world (e.g., 
9mtm. 1-6). Hmm Chapt«r F (1) ■■■•rtB* "Barthquakes, of mil tha natoral dlsaatars in 
tMs oouBtcy, e«ii iafllet thm gsttateat losa of Ufa and pzoparty. Studlaa hava concludad 
thrnt. a rapatltlon of tha 1906 San Pranelaco earthquake could cause billions of dollars of 
danage. with the potential loss of thousands of lives. They arc tha most difficult 
disaster phenomenon to prepare for." Reference 2 reinforces these conclusions by forecast- 
ing MM $21 billion in Mttbqnak* lossM fox tha state of Calif oniia alaoo* tho period 
being 1970-2000* onder the aMuqption of no "inpcovMant of eidetiag pelioiM ami preetioea.* 

The 1969 Natiorul Ar:jdt:my [; f F:i.q i nr-f-r i report (3) nas sorved =iB a Mstful basis for 
recent RANN planning. Its introduction deserves to be quoted at length: "Earthquakes 
devastate cities « with Iteavy loos of life, several tiMS each year. A xeeent exasple is 

the Khorasan, Iran, earthquake of Soptomber 1, 1968, with over 10,000 lives lost. The 
United States has been shaken many tiii>es by large earthquakes, for exaLinple, 1964 Alaska; 
19S9 Hebgen Lake, Montana; 1949 Seattle, Washington; 1906 San Francisco, California; 1886 
Charleston, South Caxollaai 1657 Fort lejon, California} 1811-1812 New Madrid, Missouri; 
1755 Cape' MDr itessadraMtts. The history of dastruetive shocks in tlie Dnitad States is 

very short con^arod to other seismic regions such as Japan, the Middle Eist, and India 
becaiise the country has been inh^ited by urban dv#ellers for only a short tiaie. The 
growth of population and the development of cities are so recent that it is only during 

tlie pMt 100 yesxs, or m« that the potential fox gxeat eaxthqoake destruction has existed. 
It is evident, however, fzooi past oeomrenoe of earttepiakes Chat the highly seiaaie regions 

of the country have a serious earthquake problem, and even the less seismic regions in the 
central and eastern parts of the country have an earthquake problem which, although less 
nxgsat* tfioiild net be ignored.* 

"Public welfare, in many parts of the country, depends on facing the following ques- 
tions: what intensity of ground shaking Tiay occur? How will existing buildings respond 
to the ground shaking? Mow should new buildings and other works of man be constructed so 
M to BiaiBiM earthgoake haaaxda?" 

10 illustxate the nation's life risk to earthquakes (and infer its property risk) . 
ttie following table lists the population at vaxying xiskt 

Seisaiic WUk 0.8. Total Califoxnia 



Zone 0 (Low) 16.1 M (8%) 0 

1 115.1 M (57%) 0 

2 40.5 M (20%) 2.6 M 
a (High) 30.9 M (15%) 17.3 K 



Zone 0 corresponds to no earthquake damage expected; Zone 1 - minor damage exi-iectod; Zone 
2 - moderate damage expected; Zone 3 - major damage exj:iected. Thus 35% of the U.S. popu- 
lation (71.4 H) are in risk sones 2 and 3, of which 28% are in California. Tha extant o£ 
dS'Wil e i p M w t in different regions of the ooimtry has led to tiie cenelttsion that there will 
be as much damago to residential type structures in the next 200 years east of the Rocky 
Mountains as west of the Rockies. The destructive potential posed by earthquakes is in- 
deed .a national ooneexn. 



Within the United states, Earthgoake Engineering is a young field. The great San 

Francisco Earthquake of 1906 has generally been credited with awakening the nation to tha 
disaster potential of the occurrence of quakes in its urban centers. The primary scien- 
tific cooMgneaee of the 1906 event was the idantification and developitient of MiSMlogy 
as a XMoaxeh araa* It was net until the Santa Barbara earthquake of 1925, hoafever, that 
Mrlous attention beeam focused on researdh into seisnde design. Prior to tM.s event, 
the prevailing attitude was that if ade j.ate information were made available to the de- 
signer about the phanonenon, he could cope with it directly. The 1933 Long Beach earth- 
quake wtafallabad eaxtiiguake engineering as a legltiMte aoadsade and professional rMeareih 
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pursuit and forced th« usioa of aartlK[iiak« oonslderatlona In the building codes of Cali- 
fornia i «nd «v«ntu«lly (tlsewhere. 

From NSF's beginning in 1950 to the Great Prince William Sound Alaskan Lai th iuuika of 
1964, the Foundation's cx^inmitinent to the 8V[>port of earthquake engineering research ^laa 
limited to a few awards. The Alaskan quake caused extensive danage to modern structures. 
It caused the HSF to aseess Its coranltaent to fUXid research in the field of engineering. 
Hie Snglneering Hechaniee Program, following tlila assessnent, identified Earthquake Engi- 
neering Research as a focused activity tdthin itS 9eneral disciplinary sipport of Ci^il 
and Mechanical engineering Research. 

One of the new program's first steps was to have a confirehensive report on the state 
of knowledge and research needs prepared (3) . A national conference was held to exchamqe 
ongoing research information and establi i riorities. The Universities Cooi^cil o;i Earth- 
quake Engineering Seserach (UCEER) was formed as a consequence of the latter activity. It 
acts as a foma for tJie exchange of ideas in the unlvexsity oasnmlty and as a foeos for 
coordination of researdi. 

The first focused progi^i .jx. iiiJitures were in FY 1966. For the next four years, the 
Mechanics Program nointained an award level of «^roximtely one nillion dollers annually 
{see Figure 1) . During this period, a aajor enphasia was placed am davttlqplng a researdh 

connunity capable of achieving substantial forward strides in ths 1970*S. Asaxds w e t S 
made to a number of institutions and principal investigators. 

The San Fernando earthquake of February 9. 1971, furnished a oiajor ijqpetus in coaaiit- 
ting the HSF to vigorous support of Earthquake Engineering Reseerch. JIbout tills time, tha 

Fzir.d-^rizr. ' r : »- i .it^rj i r^-fiecirrh 'i y. ! ' -at i on; Hi rocto rat- ^15A^^; Progran) an^l •ncluJtid the 
Etii: '•.i.-iuu--.!- iiii-jxi. r- 1. .V ^-^i. ii;' u„i ^iiiit uf xlii at-Lj.vxt.ic:3 . rrus iti inucytion to trie crea- 
tion of RANN, Dr. M.P. Gaus was in charge of the Earthquake Engineering Prograa. SdMM- 
quently, the progran has been under the direction of Dr. Charlee C. 1^1101. 

The prcjri:! 'las ;i-.--.v:-, 'An-o l-f-conir.g a part of PArr; frij.rn a has^ level of S2.5 inillion 
in FY 1971 La a level qL i.<i.'J aixllxoi. xi. i'Y 1974, Ihti i-'toyraas has jssuafcd extensive new 
research responsibilities during this period. in 1972, major offortn lr» utilization (Lut* 

BasSf inComation Dissemination, and Technology Transfer) were initiated. In 1973, the 
basic program was augmented by initiating resear^ in the area of System Response, in 

1974, the areas of Iirplementation Studies and Policy Studies wer*' a^del to xsVe the program 
more comprehensive. (See Section 3 for details). Between 1966- 1>7'., the vr-oqra.:^ has made 
awards to over 100 principal n.vestigator ^ jv-ji jS mstLiutioiiS. f^ot listed in thsas 
proceedings are the details of the awards during the past three years. Current^x^ 
about 65 grants and contracts are active. Although awards have been primarily to univer- 
sities, we are beginning to use the resources of professional societies, governmental units, 
and profit making organizations. Subsequent sections describe the specific objectives of 
the MSF program. 



The occurraaoa of an earthqueike, or any other natural event, is important only insofar 
as it affects msn and his works. It is the disaster potential oC earthquakes tiiat has 
caused man individually and collectively to seek adjustments to his idiysical and social 

environment that decrease his vulnerability. Tie measurement of vulnerability is related 
to the potential or realized loss of life (and iaj;^iy) , property damage, ar.d,, ot disruption 
of function. Hhile each individual or group will apply a different normative combination 
of these measures in its decisions, the gmaral objective remains to control the sequences 
of the event. 

As adjustments, one may seek either to change the phenoatenon or to alter the response 
of man and his works vo tha phanomaBon. Passible physical adjustments tha deeiolan maker 
migr seek are to: 
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Cantxol tbft event by prevention or nDdifioatlon of the event 
Anticipate Hie event ae that raaiadiBl actions nay be taken 

Identify the seismic potential of areas 

Cooatruct facilities so as to perfbm acceptably during and af tax 
tlie event 

Among tlia possible social adjustments, the decision maker nay seek tot 
Plan for the warning^ xe^onae, and recovery to the event 
Dlatrlbate econonic risk 

Generate and sslect alternative physical developnant plans 

Adopt and enforce zoning, construction, and nanagenent standards 

Clearly the physical and social adjvxstments depend critically on each other. It must 
be r eia— tier ed that adjnatinants to eartfaqpiakae are not nada in vacuo > there are other con- 
sidexatlons in naking deeisions regarding volnaridilli^ reduotion. 

Noting the resijons ihi lities of other Federal agences to develop techniques: for ti^rth- 
quake prediction and control (USGS) and noting the types o£ adjustnants given above, four 
general objectives have been identified to fulfill tiie overall pxograai cbjective. The 
latter is statea first. 

aiMW Bart3ig ; iinke Proqra» Objective 

To develop ■ethods that allow decision aakers to oontxol ti» consegnenoes 
of earttiqaake ooeurrenoes. 

in fuirtlieranoa tbereof* the FMM ErograiR airports vasearA projects leading toi 

h. Design DevelQpnent of eoononic«tlly feasible design and 

oonetruction methods for building earthquake re- 
sistant structures of all types. 

B. Land Use Development of procedures for integrating informa- 

tion on seismic ri^ with onr^ing land nse plan- 
ning prooeaaes* 

C* ffO<yteli Development of an inproved understand j ng of social 

and econonic coosequences of individual and conamin- 
ilgr deeieiene on eartiiquake related issnee. 

0. Xi^plenentation Presentation of program results in fozas usable by 

the affected interest conLTJinitiea to control their 
vulnerability to earthquakes. 



SPECTFTC OBJECTTVBS AND PROGRAM ELEMENTS 

In order systematically to structure a program over a period of years aimed at achiev- 
ing the four general objeetivaa* nine pregxaa eleaants have been identified. With eac3» 
of these elements are associated several specific objectives, which serve as guidelines 

for de^loping that elenent. In the context of the present report, however, particular 
project i-s jii; tii iii-i are inappropriate; rather, the prograa eleaente eerve as categories 
into which specific research activities can be divided. 
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It should hm noted that tbia aetiwd of straoturing aartfaqualw onginMrin? and ralated 

fields owes a debt to the NAE Committee r<jport (3) . The detailed progra.T. breakdo;.T. and 
racommendations prepared by NAE have proved very useful in structuring what follows hara. 

The niaa eleasnts have been framed so as to deal with specific problems in the deeism, 
analysis, and syntbasis of engineering and scientific knowledge to control the consequences 
of — rthcioaka» Muuxad ty life loss* prqpar^ loas, and/or fnaction loss. 

I. Ground Motion/Data sarvicaa 

Destructive ground motions resulting from earthquake action are of several different 
types, includir.r4 ;:c:aw ground h ak i r. g , >.low or rapid fault slip, subsidence, and landslides. 
Fundamental to an understaixding of any of these damaging phenonena, howevex, is an accurate 
knowledge of the actual earlAqaake gxonnd notion. PtuuSUMntal to the velldation of stzuo- 
tural design and analysis proceduraa is tibe actual stxucturel xesponee gmerated by the 
ground motion. 

Tha naaaursinant of deatructive ground motions in the epicentral region of large earth- 
quakes and the associated response of structu^s is adiieved by placing a network of in- 
struments at a varirity of sites where earthquakes are likely to occur. These instruments 
include both passive and active recording devices. The strong motion accelerograph records 
the tine history of acceleration in three ooqponent directions. It begins reoording after 
em acceleration threshold has been exceeded. These instruments are the nost generally 
used and find a^lieationa in most ^rpes of data gathering. Other active recording systens 
include pore pressure gauges to measure the liquid pressure in saturated soils, earth pres- 
sure gauges to measure the inertial effects of soils usually on a foundation wall, strain 
gauges, and displaceaent meters. Jtaaong the passive instruments are the seianosoope, a 
conic pendulum that records motion on a sooked glass » sccatdt strain gauges and exteoso^ 
netars. 

The measurements obtained are directed at achieving three principal objectives t 



A. To support the research program by measuring pertinent quantitities 

to validate, calibrate, and/or formulate theories of earthquake response. 

B. To support the designer's need for eaxthqu^e motion infoznation at vary- 
ing geological and aaismological sites. 

C. To obtain a comprehensive data base to perform microregionalisatlon of 

earthquake risk areas baaed on events in the area. 



These objectives axe both reseerdi and operational program related. During n 1973, 

NSF assumed responsibility for the Seismological Field Survey. SFS is the principal focus 
for strong motion instrument networks. Using SFS as i-s principal agent, the RiUJt; Program 
Hillt develop criteria for placing an optimal strong motion recording network; begin the 
plaeeaent of this network by new installations and adjustments to the existing networki 
develop and place specialized instrunent netMorks to answer specific research needs, e.g.* 
down hole soil response arrays, detailed structure response; develop a qualified products 
list of existent instrumentation, define characteristics for new instrtistentation, and 
ensuva steady iavroveMsnt of Inatmmsnt guality, sensitlvllv, and raliablllfey. 

II, Soils Response and toalysis 

One of the greatest potential sources of property loss is damage to structures that 
rest on soils or on foiSldations which, altilOttgh adequate to support the structures under 
ordiaajqr circumstsncssr might fail during aa earthquake. A great potential for life loss 
resides in the possibility of a dam failure. The following areas represent forms of soil 

failure under consideration by the progra.T,: settlement of cohcsionless soils; bearing 
capacity failure; embankment fjdlure; soil liquefaction} and waterfront bulkhead failures* 
ste. 
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The dynamic behavior of a structure during an MVthquake depends on the shaking trans- 
aitted to it by thtt «iixzouiidiiig aoil. Ihas* notions are ioipartod to the structore through 
tilt lnti«»«ction b a tw o i i it* fowdation and tba supporting aoil and/ox bedxodc and Inelnda 
•vUfication affiacta. 

flw otajaetivBa of tbla alaonat ac« to$ 



A. Oavalop aethods to evaluate and control aoll fallura potentials. 

B. Develop analysis and design methods to evaluate and control soil •upliCi'- 
oation. 

c, Devttlcfp daalgn and analysis aettiods to cbaracterlae the loadings trans- 
■ittad to stcuetores throng soil-fiMndation intexaetloB. 



III. stgBctBgal Bisponse and tealysls 

The realiaatlen of a struotnre rests on two eonplssMntary ■ctlvltiast analysis, and 

synthesis and desigri. Analysis fortr^ the basis for design. The ability to analyze a 
hypothetical structure and determne the stresses and displacements that would be produced 
fay a apadflad loading is an essential part of the design process. The more accurately 
^s can be done* tbrn aoEe efficient and eooooaical can be the daalgn and the aoxe reliable 
the design factor of safety. Ttia analysis of a stroetnre can be exeeedlngly difficult, 
first, since ordinary structures are exceedingly coni{jlex dynariic systems; second, because 
the ground notions which the structure will be subjected to during its iifetine are proba- 
blliaticf and third, beo ans e the eonstraetien preoesa leads to a stxuetostt idiieli is not 
precisely known. The analysis of structural response requires knowledge of the full systsB* 
including foundations, adjacent soils, and in some cases the properties of adjacent struc- 
tures. 

The ebjeetives for tMs progran alaasnt axe toi 



A. Determine appropriate Bodels for elenent (e.g., beaa^ eolucm, plate, 
etc. I rcsyor.su to stTOog iiotloa oxcltatloiB ffeoBi analytie and aiveri- 

nental studies. 

B, Develop digital ooi«pat*r nathods of analysis that predict earthqnAe 
seqpoBse <^ stroetoiral systens eaapmblm in oosiplsxlty to xaal 



C. Validate and calibrate these models by ocxaparisoa with earthqpiake 
■sasored sotiona and daaage of struetoral ayatan and elenants. 



The basic problen of earthquake dtyign is to syntlic-sizc- the structural configuration! 
the size, shape, and materials o£ the structural elements; and the methods u£ fabrication, 
SO that the etruetnce wiU safely and econeeiically withstand the action of earthquake 
gxeand notions. The objeot of design is to oontrol the effects -of an earthquake on a 
straetttie and kesp danage within aee^ptsbla boonda. A further ssrlee of objectives has 
bean detaaiaed for this elsasntt 



D* Oetexsdne the dynamic properties of structures, elements, and naterials 
under conditions of large strains, beyond the yield point and up to fail- 
ore. 

B. Develop reliable, practical, and simplified inethods of earthg«iake design 
for widely used and special iqportant structures: e.g., low-rise resi» 
dential, low-riae oosnaceial, sdaool houses, high-rise buildings, dass, 
bridges, and Industrial structures. 

P. Thoroughly study structures that failed during an earthquake, as well as 

Idiose that did not fall, to ztfim dssign prlneiplas. 
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6. Develop design and analysis methods tor aoBBtrnetural elenents and 

nechanlceU. cotqponeats o£ structures. 

IV. Systems Rasponse 

Previous elements of tlie reKearch program have dealt almost exclusively with localized 
structures, that is, a single building* dam, etc. The operation of the coamunity during 
the emergency and recovery periods la dapeodant on the functioning of utility and public 
a«rvlc« fadlitlas that function aa a ayataa with alMMntB located at mu^ aitaa in tba 
affactad ana. Tha falluxa of an alanent can cause tiie total systen to malfunction or be 

inoperative. Thus the desiqn of system elements must consider tho seismic characteristic 
req u i remen ts of the extended system. Both physically connected and non-connected sysceins 
ara to ba imaatigatad. An exanple of a connected ayatam ia fire water distrlfavtlon (stor- 
aiga, pumping atatlonSf water MinSf etc.) trtiila a noi^oDBnectad ayate« i« repireaeated by 
anargency healtii eaxa facilities (too^tala, eliniea, laboratariaa, ate.}. 

The objectives of the element are toi 

A. Develop principles of planning and laying out facilities for minimum dis- 
ruption of operations due to earthquake ground displacements. 

B. Develop design procedures for special structures and et^uifment of each 
type of utill^ and public aarvloe facility. Mnog tiieaa, ranked in 
amseslMta priority order » azat 

1. Fixe fi^^ting and aaargeney tranaportation 

2. taargencfsp pewer and eonnanieationa 

3. Hospitals and emergency agencies 

4. General oonaunicationa 

5. Water aarvieea and aawaga disposal 

€. Slaetrleal power and natural gas or fuel siqpliea 
7. General transportation facilities 

C. Evaluate existing methods o£ land-use control, su^ as microzonation, that 
will allow a iiiiinllj to control ita eartfagnake vulnerability. 

V* Coastal and Inland Waterways 

An earthquake at sea may generate a tsunami, or tidal wave, that presents a real dan- 
gar to coastal and island regiona of the O.s. The riak posed by taunaais wqr beat be, odq- 

trolled by land use regulation in vulnerable areas. Verification Of tlia ocouzrence of a 

tsunaai permits the evacuation of potential affected areas. 

If a dan fails, an inundation wave nay be generated when the reservoir empties. This 
wave can eausa serious domstream damage. Stmeturlng dointstzaam land use, with this 

potentiality in mind, can rpdrcn Mfn and property loss. When a reservoir behind a dan 
is filled, a series of earthquakes otten occurs in the vicinity of the in^undment. The 
incremental risk thaaa ^lakas causa above the natural rlA is at pvasent uncertain. 

Ihe objeetives of this eleannt are tot 

h. Develop methods to verify that an ocean-based earthquake has generated 
a tsunand. 

note that nuclear power plants and related faeilitiaa, wfaidi would othetwiae head audi • 
list* are a re^onsibili^ of tiie Atoalo Bnargy mmlsilon 

V'73 



Digitized by Google 



B. Develqp Mtbods to wtieip»t« tawMwi nm^vp In op— tal nglans. 



C. Devslop MtliodB to anticipate iammtrmam Inundation l«v«l8. 

D. Determine the incremental seismic risk associated with filling a raaar- 
voir and th« dagrM that this risk iIumU 1m part of tne dsalgn criteria 
for the dam. 

vx. Tijehnalegy Tranefer 

Within the Earthqiuka Bogiaaerliig ProgrM« vtllisatlon activities have bean oeatral- 
Ised and formulated ae a vadf ic program throat, to bm eoadnetad hy a ooro aeriaa. of 
amards rather than distributed ae a coiiiponent in aadi Individual ward. 

The obiectives in this element are to: 

A. Maintain a tedmioal reference collection of published reports and 
papers and unpolished data available to reaearcbers and professionals} 
te pizevida for infocmation dlMamination. 

B. Maintain a aoftirBre ceatar to arcMve* decumant, validato, and diatri" 
bttta ocop ut ar programa davalepad ftor aarttiviaka anginearing vplicatloos. 

C. Consolidate tiie best knowledge regarding design and analytic methods 
from current and ccevleted research and professional ejqperience in codes » 
criteria* and atandarda for oso bf profossioBala and regulatory bediaa. 

D. Conduct regular conferences and workshops to act as foci for dialogues 
batwaen tiia roaaardh and pcofkaaiooal ceMmitiaa. 

B. Conduct poet aarthqoaka Inqpactions to obtain anginaaring data and to 
identify uafolflllad veaaardi needs. 

Vtl, OOimv 

This category includes oonferenca traval* general oonfaronfla aopport, adviaory nn—1tp 

tee neetings, program planning, and Other aotlvitiaa that do not fit oonveaiantly under 

one of the above classifications. 

VIII . Inplenentation Studies 

Advances in civil engineering methods are implerriGnted through two types of actions: 
individual professional appiication; and adoption by regulatory/ enforcement agency. The 
latter process is primarily political, while the fornuar is educational. The structuring 
Of the flew of technological develqpaeats from researcdi to inpleaentation is a particu- 
larly arduous one, involving a vast ooaplaK of institotiona, spadal interoat gro«va» and 
secondary agendas. The way in which this process works is not well understood. An vadnx- 
standing of the process is a first step in structuring a methodology to foreshorten the 
period from raaaardi to praetloa. 

the objectives of tills program element are tot 

A. Develop an understanding of the implementation process. 

B. Develop a aethodology to program the education o£ professionals, using 
sultidftie aids, to the bast aarthgoake engineering praetloa. 

C. Develop a strategy of program results to be processed through the cm- 
muni ty into regnlatocy and eaforeamant agency regula t i cn a in a timely 
fashion. 
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Goog 



D. Advonats tlM aeooBiplialUHnt by public and prlvata 9x01^ of tiw developed 

plan. 



Th« accoB^lishment of these goals will bave £er reaching iaplicatioas on several RANN 
pvoqrame. indeed, the incoxporatlan of earthquake enTiaeering reaeradi reeolte is but a 

snail part of the problem cf rrujving tf^chnical innovations into building practices. The 
saioe iiasiG meth.oioio'gy is applicable t« fire i^jftJty, energy conservation, buiiding utili- 
ties, and novel energy systems such as solar heating and ooollng. the pcogran element is 
bqpond the single interests of the Earthquake Engineering Kcogxan and^ as aucb, will be 
eonsidezed within tlie context of the building seienoes. 

IX. Social arid Behavioral Studies 

The odltigation of earthquake effects nay depend on a variety of actions not directly 
associated with the assurance of safe stmctures. Hie possibilities of oarthquake control 

tor xodif ication) and prediction present different technical methods that may lead to 
mitigation. COnaiunity actions during and following the event may significantly affect 
the oenBequaneas of the quake. Oondeanatien and xadevelopa»nt attitutdes, insurance pze« 

grams, and economic assistance may markedly affect the communities' vulnerability to 
future events. With a view to filling ini|>ortant gaps in our understanding of earthquakes 
as they impact nan and his social envi ron.T,ent, reSMrdt in the SOCial and behavlOCal aci- 

ences, and in economics, will be undertaken to: 



A. Develop policy alternatives for the coinrounity to provide enargeoey 

rescue, recovery, and redevelopment services. 

B. Develop policy alternatives for the disseraination of earthquake 
wantlngs. 

C. Assess the consequences of technical develGf>ment9 and policy alterna- 
tives OR the aebievensnt of disaster nitigation. 



The Nati«wl Science Poiswlation has supported a wide spectrum of cesear^ on eartbquaka 
hazard rsdlietlon. Rather than detail the gg^ecific character of thes* pKOjeefea, Appendix 
A presents liM titles, perfoxaer, and institution for each project initlatied in the past 
three years. 

TMo zeoent projects warrant qpeoific highlighting. 

These have as their objective the developnent of inproved earthquake design criteria, 

standards, and codes. The first of these projects is a test of the practical dcsLqTv feas- 
ibili^ of new oode procedures and assuaptions, plus an evaluation of the economic conse- 
qvancos of sndt a "new code." 

The project has four chief objectives: 



Draft a set of design rules based on a "design spectrum" type of code; 

Apply these rules to the redesign of several types o£ existing buildings 

in order to evaluate their applicability by example; 

Hake a preliminary assessoent, as part of a literature survey, of methods 
by which such a code could include consideration of variations in regional 

seismicity, proximit-y of Vrnc.'n active faults, and soil aqplificatlon and 

topographic effects :->t iQtal site conditions; and. 

Make a preliminary evaluation of the economic and performance effects 
of such proposed diangae on the example buildings. 



SFBCIFIC RBSEMOI PROGRNNS 



V-7S 




Tha Unifc statement o£ this project divides the acoonplishment of the above objective* 
Into tiMD separate fheees. Phase X covers the establishaffit of the design rules and the 
•ffsct-evaltution procsedores. Hie application of the rules, the literature stirvey, and 

the actual evaluation of economic and performance effects will be achieved in Phase II. 
Fortunately, soma or the existing buildings to be studied have been subjected to special 
studies as a result of the 1971 San Fernando earthquake. ThSM special Stadles Vill pKOVa 
useful in the Phase JX evalaation of the Phase X design rules. 

In this study, the lateral force resistance systems of eleven existing buildings (see 
Table 1) of varying structural types and heights are to be redesigned for the effects o£ 
a dual-earthqualce criterion i Specifically, a daaaged threslwld ipectrtB* and a ooUapM 
threshold apectim. Current applicable portions of the 1973 Dnlfoni Building Code and 
the SBKOC Code are to be esrployed, vith the exception that earthquake loading and related 
deforniations are to be computGd by the use of the dual spectra. Dsmfiing ar.d ductility 
values have been assigned hhich are considered to be within certain assuned capabilities 
of eedi type of etructure being studied. Bacb of the eleven buildings contains a valid 
lateral force resisting system within the K-f actor categories of the current SEAOC Code. 
Each is reasonably regular in plan and elevation, therefore, the problens of torsional 
racking, setback response, and soft-stori' effects will not be significant in the analysos 
o£ these particular buildings. (These problens are recognized as iqportant« however.) 
fhe project is nearlng coepletloA. 

nie second project builds upon the first. It is just beginning and will not be coiii~ 
pleted until late 1975. The objective, .dimply stated, is to develop a new set of provi- 
sions for the SBAOC Lateral Force Iie<suireaiants. The current criteria are based on the 
tedmology of the 1990*8 with ninor updating in subsequent revisions, this study entails 

carrying out a coinprehensive program of updating and revising the present SEAOC seismic 
requirements so that it will be applicable throughout the United States based upon the 
latest state-of-the-art of earthtjuakc engineering and conGtruction practices. The format 
of the seismic provisions will be .augatented to in c lude provisions for other natural aete- 
orologieally oaused p h e w osi sn s sueh as hurricanes* tornadoes, and wind stoms. Ihe fbrast 
will follow existing building codes so that it can be codified, adopted, and promulgated 
by various groups writing and is^Jiernenting code provisions. The new seismic provisions 

will be COBprehens i v^> and written with a national pfiiTjpf-r-ti vc . rroviviiori^j t^onCL-rriiii<j t)io 

oods will include all aspects of building and applicable geotechnical practices for miti- 
gation of losses frcB eartltquakes and earthquake related geologic hasards. The specifica- 
tions will be based on goals and objectives developed from a performance criteria to be 
clearly sat forth in tiits provisions so that appropriate regulatory bodies can recognize 
the level of risk associated with the various code provisions, it will be a balanced 
stateaisnt with prqper consideration of loir-rise (one to three stories) t intemediate^rise 
(four to six stories) , and high-rise (over six stories) as well as other nciAnsildlng tjfp^ 
structures. Provisions for nonengineered buildings and engineered buildings will be in- 
cluded. Recognition will be given for different construction practices and different use 
of materials throughout the United states. The provisions will bo stated in simple tenns 
to the fullest extent possible consistent with the goals of the code, the state-of-the-art 
and practice to produce these objectives, and the coi«>lexitiee of the earthqusJte phen oew 
non. The provisions will set forth the loading criteria and performance (resistance) 
criteria with recoosnended methods of design and analysis consistent with the seismicity 
of the site, the i^orteaee of tiM stroetaxe* the tyg^ of censtmetlcn, and hei^t of the 
structure. 

Tt w^ill include where feasible, provisions for considering, within the fraaworfc of 
(jacUKjaake engineering, various facets such as ardiitectural configurations, contract 
documents, construction team, quality oontsol, Sivervlsion and Inspection as well as 
structural analysis and design. 

It will be conprehensive in scope and will be developed after consideration of many 
provisions not included or adequately covered in the present seismic codes. Evaluation 
of the state of the Imowledge, art and practice relating to each provision will be used 
to iMke xeoosMndatieins for their inclusion in the code. Mwng such elements are the 
following I 
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TABLK 1 



Building 1 
Building 2 

Building 3 

Building 4 
Building 5 
Building 6 
Building 7 
Boilding 8 
Building 9 
Building 10 
Building U 



TO BE liEIXISXGMED IN THE S£ISHIC CODE EVALUATION STUDY 



Five stoziAS piu« basement 
Ductile reinforced eencvete txttm 

Nineteen etoxice plus four levels baneaent perking 

Steel frame, moinent resistant in one directi<m« 
Braced in the other diroction 

TM Stories 

Seni-ductile reinforoed eonerete frem in one direetlaB« 
Sbrar wall in ths other dirvction 

Itourteen stories 

Shear mils on both na;)or aaes of building 

Six storit^Fi 

Sheer walls are non-'load bearing 

Two stori<":5 

Steel frame with vertical bracing system 
iwo stories 

Gonerete blocdc vaeonxy^ hearing and shear walls 

Nine stories 

Beinforced eonerete, *hear wall 
One story 

Tilt-vp« plywood diaphragm« xo-entrant corner 

iwo-story school 

Itonent resistant steel frame 

One -5 tor"/ school 

Brick masonry, plywood diaphragm 
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1. Goals for •trootural and non-atructnral danaga. 

2. Poat-aarthquafca factors* ioipoxtanea factors » and otliar aocio- 
soononic oansidaxatiana. 

3* Varloiaa loading und analysis osthodologies and wh«n they should be 

ttsedt aquivalant static £occa aSPEoach, elastic singla dagraa of fgaa 
don and gwiltide9x««e of fz«sdeai modal superposition ro^onss spectral 

analysis, elastic an(i inelastic tir^e history response analyais and da- 

terministic and probabilistic rock and ground motions. 

4. Saianieity, pxoiiability Qonsldaration of various dssign earthitualces, 
aaismlc risk, and saisnic xone concepts. 

5. Design earthquake criteria based on dual performance for the moderate 
design eartliquak* and the severe design eart h quak e based on maxliwi 
eradibla aartitqnaka. 

6. Geologic, topographic, soil and Other site eonditioa inflttsnoes on 

ground notion. 

7. Basic realistic levels of ground motion to raprasant the design earth- 
quake at a site of average exposure having no unusual soil conditions. 

8. Znfluance of soil conditions on Inteiwity of ground shaking in terms of 
displacsnentf velocity* and aeeslaration. 

9. Soil structure interaction, including influence of the structure on ttie 
ground motion and ths influence of ground notion on tiia atroetnral re- 
sponse. 

10. rtmjct jral systeai daaping* ductility and stabili^ including P-delta 

effects . 

XI. Relative performance critaria of atrtxrtural systems and materials with 
particular attention to brittle nuterial bdundor and elasto-plmstie 
BBspease* 

12. Pxaii^tic deterministic ultimate design Stresses, lead factors, and re» 
sistance factors for all materials. 

13. Specific criteria to be used for ^tynanic analysis and design. 

14. Drift liaitstlcns consistent uith realistic re^onse to strong earth- 
qioakes. 

15. vertieal aooslefation criteria. 

16. Shear wall fraae interaction provisions. 

17. Kasardous and earthguake dauged buildings and thsir rehabilitation 
and reconstruction. 

18. Seismic design requirements foi ne::haaical, electrical elevator and 
Other building " life-safe^" systems. 
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Ajjpendix A which lists NSP earthquake engineering awards in 1972-1974 is not included 
heroin. The liat nay be obtained frca the author. 
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THE WIND QiGZNEERING PROGRAM 



H.1>. 6au8 

Baad, Engineer in' J Mec;\anics seation 
National Sclsnce Foundation 
Nkahiiigtoo, D.C. 20550 



A naauy of wlaA ■ng li i — g i ng r«>MZc!b work oooAuetsd by various r*- 
searchers undar tiM aponnnihiv of tkm Hational Scianca Peaadation ia 

8ent£d, 



Kay Moras: Rasaarch proqraasf sponsorahlpi wind anglnaarlng. 
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WIND ENGINEERXMG 



Wind engiiv:-' ri.-q .s ccj.icerned with the interaction between wind and either ungineered 
facilities or natural systems which are located in the boundary layer o£ the atmosphere or 
roughly £ran ggmmd Burfaea to as naeh as BOO aetars in elevation. Zt is precisely in this 
boundary laj/^ where the average citizen conducts his daily affairs, where we construct 
ODSt of our facilities, and discharge the gaseoub effluent of our modern technological 
society. Fict, at. .-nqi i> «ring viewpoint this boundary layer is virgin territory with a 
dearth of utilisable infomation for design or solution of problems. Unfortunately, little 
assistanee is obtained firoit neteoirologlcal studies which tend to ooocentrate on higher ele- 
vatioaa. 

The Wind Engineering Program presently identifies needed research studies in sixteen 
categoriM. Soma of these are oriented toward generating or collecting tiie basic infoanaa- 
tlott required for the developawnt of wind Aauign, analysis, and slnulation methods. Ottters 
are oriented toward providing general infonnation of use to practitioners and for improwe- 
Bsnt of codes and regulations and in plauwxng procedures. The remainder are oriented 
toward economic and people problems which are an iaportant coinponent of engineering prob- 
Imm, At the present tlae. research is or has been supported which related to about twelve 
of the cetegecles. ht tiie present level of activity, however, the amount of effort in a 
auHber of these catagorias la rather token. 

Shortly after the Wind Engineering Progroai was proposed, a series of Intense tornadoes 

converged on the city of Lubbock , Texas, causing extreme damage to the city, within hours 
after the tornado struck a combined team of engineers and rrrc-toorologi sts was dispatched to 
collect perishable : nrcjTiation. This was followed up through grants to Texas Tech Univer- 
sity and the Institute for Storm Research, Universi^ o£ St. Ihomas to reconstruct from 
tikis infomation details of the wind and pressure differential loads and missile effects 
caused by the tornado. The resulting information, published in several reports, has pro- 
vided for the first time a factual and reliable base of infomation regarding the actual 
effects of an intense tornado from an engineering viewpoint. The results indicate that tdie 
wind velocities which must be used in design are only about 1/2 to 1/3 of those which had 
been daioMd by sMteorologists and make tornado resistant design feasible for many struc- 
tures . other tornado studies in ;jr: trt^^fi incluritj an experimental program at Catholic Uni- 
versity Hi which special votccx Lutu.-jli are btiiig used to measure pressure distributions, 
forces, euid moments on various types of fcuildings as on intense vortex passes; a study at 
the Los Alamos scientific Laboratory to develqp numerical auialysis of tornado wind loads 
related to various' flow variables > a study at Tulane University en prester tornadoes t and 
a study at George Washington University which i : * :o": i'-,'7 ' to the relationship * f n 
different terrain conditions and the wind loadings of ground structures inside intense 



Another wind problem oonoerns the failure of glass, shingles, cladding, or isolated 

COJtiponents due to wind. The yearly damage due to such effects is quite widespread and sub- 
stantial, but is perhaps most dramatically illustrated by the much publicized difficulties 
of the new John Hancock Mutual ti-fe Insurance Corapax^ Building in Boston, Massachusetts. 
Although wind tunnel studies were made in the design stage for this building, they clearly 
were not adequate, instmaentation has bCHsn installed in tlie John Hancock Building by a 

crouL fr MIT under an NSF grant, with heavy financial participation by the Hancock In- 
cviranco Company, to take advantage of this unfortunate situation. This information along 
With other analytical and ejq^erimental studies will probably he Instrunental tn revlelng 
the building regulations In Beaton and other cities. 

clearly, wind tunnel testing is required to gain a better understanding of boundary 
layer aerodyn2uiiics and for predicting various effects before construction takes place. A 
comprehensive program is being conducted at Colorado State University utilizing special 
long-fetdi adjustable roof wind tunnels for simulating natural winds. Problems to be ex- 
aadned include local flow phenomena, local wind pressures and heat transAsr rates on build- 
inq surfaces, dynamic excitation by buffeting, wind speed and gustiness at the pedestrian 
level and circulation of air pollutants. Although the CSU facilities are currently the 
best avalldile in the U.S. , there are still unresolved qxwstions regerding tJie scale and 
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distribtttioB of turbulence, simulation of gustiness, and the validity of the extXWB seal* 
ing tnm pivmnt wind tunnel sises to full-BC*le struotuxes. Tha latter pxoblam ean only 
be veeolved by eoiic>arin9 wind tumtal teeta to full-aeale observations. The first pxablea 

is being studied at Notre Dame University where a feasibility study is being carried out 
for a large oniltipurpose boundary layer wind tiumel using an active rather than passive 
tuxbolaoee gaDaratioiD prooeBS. 

Mao of qraat ooneam are the environmental wind conditions arouna buildings. Through 
granta to Illinois Institute of Technology and Catholic Uni vorsity , studies are iri progress 
on Che aicroclimate of buildings and urban areas. These studies directly relate to pedes- 
trian oamfoct, conoentratioo of pollutants batwaan buildlags or ia deprasaad tomtnvu, and 
to buffeting and niaaile prebleaa. 

Space does not t.remit descriptions of otlior studies m rircgrcss on windwave effects, 
developnent of new wind instruioentation for field observation, atotion perception and tol- 
erance » etc. 

studies just started or scheduled for future action Include the instrumentation of 

full-scalti Lui-ldings, cooling tower.n, and other structures to obtain actual measurements 

of wind effects. These full-scale measurements will be caqpaxed to very thorough wind 
tonnel atvdiea sndeling the atmctures end terrain. Ooi^arlaona will be wide to detaniaa 

the accuracy of wind tunnel determinations of wind characteristics, wind loadings, dynamic 
response, interaction between wind and enGrgy consumption m buildings, performance of 
cooling towers, effect of wakes, and envirsnntintal effects. At the same time, computer 

software for wind engineering analysis is under further developneat so that both the tools 
and Bupportlng data can be saide available to practicing englaaara. 

Also being started are studies of storm-surge and coastal effects in hurricanes and 
Other atrong wind atoma. 

Botii indttstiry and atata and local govamnanta asa being enco ura ged to participate la 
the funding of Hind Baginearlag raseareb pvogxaas. Siibatantlal pxograaa has bam a«da In 

this respect. 

In order to coordinate wind research activity and to dissmlnate information as rapid- 
ly aa possible, two actions have been taken. The first la the provlalan of funding fbir 

a ■.••"i nd rr.a ■ rie«-ri nq P-'^es: h Council %rt>ich %rill serve as a focal point to coordinate uni— 
vcrsi ty-u.dastxy-governnfcnt wijid research, to organize workshops in specific research 
areas, and to serve as a contact point for information on wind engineering problems. The 
second is the provision of funding to prepare a wind engineering research digest which 
Hill provide i^-'to-date Infoniatlon on wind raaaarch In progreaa. 



The discription of the various grants allocated during Joilr 1973 to June 197U 
ara not inelndsd hsrain, but tmr ^ oMainsd fren ths autlwr. 
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tmamnaas non « pmsnr smos wd DnnofMW PUCUBcr 
or voLdMOLOGzcM. onmnffioii md mbbbhch n imooiibsia 

Jiklza SttMB 

■toadf Seismologlcal and Volcanological Laboratocy 
Mataoiological Sssearch institute 
Japan Meteorological Jkganey 



Indonesia has about 130 active volcanoes and their eruptions are charac- 
terized by dangerous violent explosions, nuee ardente, and volcanic mud-floMfl. 
Tha Gaological Swrvay of l o do n aaia (GSI)« Niniatxy o£ Nines« has, ther«£ox«« 
baaa earxying oot cbaMsvfttlaBa «ib4 pixwiUAneas of ipoleaaic aetlvltia* thro«ghp 
ottt Vbm countxy. 

Hm GovWBMIIt Ot J^piAr In ]W <p o na a to a raquast froa the Govarnoant of 

Indonesia, has decided to give assistance in this field of science in the frame- 
work of the Colombo Plan. * The Overseas Tecdinlcal Cooperation Agency (OTCA) , 
the executing agency for the Government of Japan, has, therefore, dispatched a 
preliminary survey mission, headed by the author of this report, AJu.ra Sunra, of 
tiia Jspan Mstaorologioal Hqmaf to Indonosla In 1972. 

Ttie mission stayed in Java and Bali from ttovenber 22 to December 23, 1972, 
and visited the Ministry of Mines at Djakarta, the GSI at Bandung, and eight 
active volcanoes (eleven obaarvatoriea) in order to study the possible scope of 
eooparation in Valoanology ba twean Japan and mdonasia. Tbm aiaalon reoogni aafl 

two serious problems in Indonesia: deficiency of ejqparts In VOleanology* and 

shortage o£ up-to-date volcanological instruments. 

TtMrefoMf thtt reoooBsndatlon toy ttaa pralininary survey nlaaion to both 
goveznnanta was as fellow t 

1. Dispatch for several years the following Japanese experts to Indonesia; 

a. Znstruaental aaisaologlat 

b. Volcano piqrsleint 

G. Voleenolo9loal gaolo^iat/patzDloglat 

2. Tkain junior -rolcanologiaf of tba 681 in Jtpm, 

3. Provide Indonasia with tha tellowlng inatruaanta/ 

a. Seismographs for peroianent and tenporary observations 

b. inatroMntn tox patiolefieal and fldnaralogieal labozntoiy 



Key Vtords: Field observation; Indonesia} Japan; technical aid; volcanoS. 



^Ooloefeo Plan £6r Technieal CMparation in Scufth and SonChMst Mi« 

vx-1 



Digiiized by Google 



OBJECTIVE OF THE JAPAl.tSE PRELIM I. -JAFY SURVEY MISSION OM 
VOLCANOUCY TO IMOOMSSIA UNDER THE C0U3MB0 PIAM 

The Government of the Republic of Indonesia rejuested the Government of Japan to pro- 
vide technical assistance in order ta develop a program on volcanoiogxcal works for the 
Gcolc^leaX Smrng of Indonesia (GSI). (G.SI) al^o asked that a detachment be sent on « 
pmliniaazy sunny mission* ubicb was baaded by Akira Sma* writer of this report, ths 
Ovsrsaas Tschnieal ooopsration Agency (OTCik) , tttLiSk I9 tn «meilting agency of tttb GOvaitt^ 
gwnt of Japan, sent the prelirainasy sorvsy mission 00 wlcsnology to Zndonssls voder the 
OoloniDO Plan in i^oveinber, 1972. 

flie anin objectives of the nission were as follows t 

1. To investigate tJie status of Indoriesian arjtivL- vcl:_aii:>cs, the ^ps of toI** 
canoiogical observations, and speak with the ot£ic«:r of GSI. 

2. To discuss the probleas of such ooopexation with the Indonesian authorities. 



MEMBERS OF THE PRELIMINARY SURVEY MISSION 

<Chis£) Mr. Akira Suwa 

Head, Seisnological and Volcanological Laboratory 

Meteorological Research Institute (MRI) 

Japan Meteorological Agency (JMA} 

(NMlMr) Mr. Masaaki Selno 

seisooiogist, seissiological Division 
<frserwstioa DepartMnt, 

(MsriMor) Nr. Yo^hizo Sawada 

Volcanologi St , Seismological Division 
Observation Department, JMA 



nUNBMUty OP THB tdSSION (NOVBNBBIt 32 - DBCENBBR 23, 1972) 

The preliminary survey mission, vrtiich stayed in Indonesia for about one raonthf visited 
tbm flelloMiiig offices, observatories, and active voleanoas: 

Ministry of Mines at Djakarta 

Geological Survey of Indonesia at Bandung 

Volcano Taogkuban Prahu and Tangkuban Prahu Volcano Observatory 
Volcano Papandajan 

Volcano Dieng and Xarang Teagah Volcano Obaarvatory 
Merapi Central Observatory at Jogjakarta 

Volcano Merapi (Central Java) and Basadan Volcano observatory, Ngepos Volcano 
Ofaasrvatoxy, Selo Volcano Observatory, and Jirakah Voleano Observatory 

volcano KSlud (Crater UJce) and MarageeNilyD Voleano Observatory 

Volcano Seneru and ArgosKo Volcano Observatory and Vudakeling Volcaovo Observatory 
Volcano Batur 
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Volcano ia:akatau seen from the west ooast of Java Island 
BBk)«««y of Japan at Djakarta 
Djakvta Of fie* of tbaf OICA 
9m itlasrary of tte aiMlen la aa fbllemt 

32 (Wedneaday) Mcyo-Bongkong-Singapore-Djakarta. 

Ojalcarta-Bandimg. visit the GSI. 
Viait the Gaological svrvqr of zadooeaia. 
Ditto. 

Vlalt Volcano TaD^fcoban Praha and Ita 

visit Volcano Papeindajan, 
Bandung-JogMfcarta. 

Vlalt Mazapl CSaatral flbaarvatoiy at Jogjidcarta. 
Visit Volcano Diang and Xaraag Tabgab Ofaaarvrntoiy. 
Visit Msrapl Cantral Obsa ivaUmy at Jogjakarta. 

visit Volcano M&rapi. Babadan and Ng«pos Observatories 
Viait Voloano Msxapl. Salo and Jrakah Obaarvatorlaa 
JogjakartarllaragoBiilyo. 

Visit Volcano Kslud and Natagomlfo Cbaarvataxy. 

6 (Wednesday) Maragomulyo-Malang, 

7 (Thursday) Malang-Volcano Sanaru and Argoako Gbaarvatory - Djeaber. 
Djaatox - tiia straits of Bali - saqpasar. 
Visit VtBloaao Agnag* Handang and Btadakaling Obaarvatoriaa. 
Viait Vtoleano Bator. 

Denpasar - Jog jaXarta . 
Jogjakarta-Bandung. 

13 (Widnesday) Visit tbs Gsologloai Sorvsy of IndoDBaia. 

14 (tburaday) Ditto. 
Ditto. 
Ditto. 

Bandung-Djakarta. 

Visit tiia Bibaaay of J^pan and OKK Offloa at Djakarta. 



23 (Thursday) 

24 (Friday) 

25 (Saturd^r) 

26 (Sunday) 

27 (Monday) 

28 (TuBsday) 

29 (Nadaaadagrl 

30 (Thozsday) 

1 (Triday) 

2 (Saturday) 

3 (Sunday) 

4 (Itonday) 

5 (TOBsday) 



8 (Pridv) 

9 (Satosday) 

10 (SundsQT) 

11 (Monday) 

12 (Tuesday) 



15 tttiOtv) 

16 (Saturday) 

17 (Sund^) 

18 (Monday) 
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19 




HfeitA tlia tentative xtport of tbe nlssion. 


20 


(Wednesday) 


Visit the Bibassy of Japan and OTCA Office at DjjUuurta. 


21 


(Thursday) 


Visit the Ministry of Mines at Djakarta. 


22 


(Frld^f) 


Visit the west ooast of Java island to see Volcano 

Krakatau. 


23 


(Saturday) 


0 jaJcarta-Sing^pore-Hongkong-Tokyo . 



VOLCANIC ACTIVITTES IM INDONESIA 

Ihe Indonesian archipelago has about 130 active volcanoes, including eolfatara fields 
(ea. 15% of tlie total of those la the world) , as Is Shorn In Pigvun 1 and Table 1. These 

volcanoes have provided tho psqple with various kinds of natural rosourctss and beautiful 
scenery. In general. Indonesia volcanic areas are high in altitude and are densely pop- 
ulated, because the archipelago is located in the tOEzid aoiiB and the air tenparature at 
the seaside areas is very high all the year round. 

Consequently, eruptions of these volcanoes can cause serious loss of har.an life and 
proi^crty. ciiike Uio matterii wocBts , «ruptians of thtt Indoncsiun vulCtinoGii are charac- 

terized by extremely dangerous phenomena, such as catastrophic explosion, nuee ardente 
(glowing «valanohe>, and volcanic nud-£low (tbe eo'called ^lahar" in Indonesian language) . 
As mn exBBple, twelve of twenty met disastrous en^ttions on tte eartii have taken plaoe 

in this country, as shown in Table 2. Lahar is divided into two categories: "eruption 
lanar" and "rainfall lahar". Both types occur frequently at the various volcanoes in In- 



TMB OBSEFVATTDK AND SUmTTLLAlJCE OP VOLCANIC ACViVlTlBS 

BY TOE GEOLOGICAL SURVEY OF INDONESIA 

Before the Nerld Mar lit the Outdi GovsmMnt tried to conduct volcanological obeer- 
vatloRB end raseareta and thus nltigate volcanic dlsastsrs in this territory. Since their 

declaration of independence in 1945, the Government of Indonesia has been making similar 
efforts vo develop volcanic research capabilities. The Geological Survey of Indonesia, 
which belongs to the Ministry of Mines, is in dtaxga of the cfcsarvatlon and snrvaillanoe 
of volcanic activities all over the oomtry. 

The Volcanological Division of the (GST) at Bandung, whir' 'i-;" iiixty members, con— 
Si-sts of two sections, and has two teans concerned with spociu.1 le^oarch projects, as 
shown in Figure 2. The Volcanological Division also has a branch station "Herapi Central 
Observatory" (tiie center for volcanological observation and research of Nt. Herapi) at 
Jogjakarta and 25 volcano obsorvatovloa at sixtssn active volcanoes on nine islands, 
(see Tible 3.) Those obs ar v a t o rios are Mnnad fay a total of six^ aeabars. 

Mr. D. Hadilcusumo , Head of the Volcanological Division, and Mr. :. surjo, scientist 
in charge of tbe Project for Volcanic Debris Ccotrol* cane to ai^pan in 1957 for one year 
to study voleanotogy under Prof. T. Ninaikaai of Takyo University, and the author of this 

rt:;-ort, at tJie Japan Meteorological Agency. Many of the other leading nerrbers of the 
Vol etiological Qivxsioa also studied volcainology in Japan durxng recent years. However, 
many members working in the volcano ebaarvatoriaa have little scbooling although they are 
diligent and faithful mrkers. 

The Volcanological Observation Section not only manages all the volcano observatorieSr 
biz also conducts teniporaxy observation at various volcanoes (periodical and urgent obser- 
vations) . The Volcanological Research section is also conducting research on the mitiga- 
tion of volcanic dieastere, and at present the section is prinarlly engaged in the zoning 
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of the dangerous area of eaA volcano* accoxding to ibzee grades of erupttom, wUcb are: 

(see Figure 6 a, b, c, d.) 

1. Pemanently Off-Limit Zones: Dangerous even in case of minor eruptions, 

•vacyoM should b« autalda som. 

2. First Ddn^erous Zone: Uangurous in case o£ big erut'tions. 

3. Saoood Daogarons Zonei Apt to be «tt«ck«d by volcanic mud- flows. 

At present, there are many inhabitants even in the Permanently Off-Linit Zones, at 
such active volcanoes as Merapi, Kslud, Scuneru, Agung, etc. It is actually very difficult 
for tfa« autiwrltias tse avaeusta this sons la ilia naar ftitura. 

Vor instaaoa, VolfMiBo Harapi ha* tbaat 30,000 inhabitattU in tlka Paiwanantly Off-Ualt 
aona and a total of 200,000 iiduMtanta within tiM thraa danganMia aonaa. 

Wamings issued by volcano dbsarvateriaa ara sent to the inhabitanta through thm local 
governments. Warnings and information on the actual state of Volcano Narapi ara uaoally 
Issued by the Herapi Central Observatory. Additional InfonRatioD is also Obtained by ob- 
servatories. However, in case tl'-erc is an occurrence of am •extremely danyerous phenomena, 
such as nuae ardente and volcanic mud-flow, each observatory warns the public directly by 
using an alanHiell er siren. Warnings regarding the ooeuxreaoe of the so-called rainfall 
lahar are Issoed depending on the aaount of precipitation (uanally over €0 aii^hoar) . 

At Voicano Keiud, the fanous tunnels nade in 1928 by the Dutch Governjrient as a pre- 
ventive measure against overflow of the crater- lake water ware devastated by mud-flows in 
1951 and 1966. Ihoy ware rahabilitatad by the Ministry of Pdalic Woxfcs of the Indonesian 

Government during 1966-68. The Ministry of Public words has also constructed dams to 
prevent a nud-flow disaster at soiae volcanoes, including Mt. Kelud. The Project Team for 

Volcanic Debris Control of tiie (GSX) is cooperating closely with the Hinietry of Psblio 
Works in tha obova-mBntionad woxka. 



FINDINGS AND CONCLUSIONS 



All the ■utoa r a of the PraliBinary Survey Miaaiea were dseply iopressed with the per- 
sistent efforts of tiie Oovemmnt of indoneeia to prevent variooa kinOe of volcanic diaaa* 

ters. They also a<iT.i re the a<^equate and rational orgalnsatioA Of volcanological work at 

the Geological Survey of Indonesia. 

BOwever, the Preliainary Survey Miasioa reeognises the fbllowing serious problenst 



1) Oefilciency of eiqperts in volcanology 



Ihs <GSI) has aany volcanologicai obssrvers throughout the country and 
has many junior volcanologists, however, there are very few senior volcan- 
ologists. Indonesia has a few well-trained specialists in the following 
fields* 

(e) B^erta in inatrOMntation on eeissographs. 

(b) Experts in analyses of the results of volcanological observations. 

(c) Ejqperts in petrology with special reference to lahar (volcanic 
1-flow) . 



2) Shortage of up-to-date volcanological instruments. 



In order to elucidate the mechanism of underground volcanic activities, various kinds 
of instmental obeervatioaa should be perfocned. However, at preasnt, even the 
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MlMDlegieal obMiM»ti«n, which la indlqpanatdbU In tha «irv«illaiioB of ^roleanle actlvi- 

tl«8, there are only a few in operation at several active volcanoes. These seismographs 
are mostly mosaics of parts produced by various companies in various countries in different 
years. Therefore, it is impossible not only to determine the parametsn Ot OharaetlCT Of 
volcanic earthquaJces « but also to detect most of the minor shocks. 

Due to the above-mentioned findings, the Preliminary Survey Mission concludes that 
the folloving cooperation between Japan and Indonesia should be carried out as follows: 

1) Dispatch the following three Jj^panese ei^arts to Indonesia for several years: 

a. inatxtMBiktal aalaaologlBt 

b. . VbleaoD pfayaleist - specialist in analyaaa of tha caaulta of voloanologloal 

observation. 

e. VOlcanologlaal petXDloglst - specialist in petrology with apaclai rafacaaea 

to nuee ardante and lahar. 

2) Conduct training of ttaaaa junior voloanologista of tha (G8Z) at tha Intaxnatlonal 
mstituta of Salaaolog7 and Bartbqoaka Baginaaring (TI8BB) la Tiskyo* 

3) Donate the following volcanological instruments to Indonesian 

a. saiaongragphs fox paxMnant and taaporazy obaarvatlOM. 

As the situation in volcano observatories of the (GSI) is lacking in com- 
mercial electric su^ly* mechanical recording seismographs are recomnended. 
iha aaianegsapha Aoold be pceviAad with spare parts. 

b. matxoBBnta for patxelogleal Idsoratozy. 

All of the meabers of the Preliminary Surv^ Mission will make every effort to realize 
the abeva-Btntlonad ooopatation b at wea n J^pan aaS metooaal* in tha near futwa. ztaai 2 
ie ^Meently in ftfogxesa. 
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Talll* 1> List of the Active Volcanoes oT Indonesia including 
Solffttara Field* (Aft«r th« Geological Survey of 
Indonesia ) 



Na 


Name of Volcano 


Al t i- 
tude M 


Class 


No. 


Namf of Volcano 


Alti - 
tudeW 


Class 


1 


PULU ViTEH 


■ 




J-'i 


PERDAJiTI 


1699 


+ 


2 


SILAWAIH AGAM 


1720 


0 


35 


SALAK 


221 


0 


3 


PBUBTSAGDI 


2780 


e 


36 


GEDBH 


2958 


• 


k 


BUR NX 6EUREUD0M6 


2590 


* 


37 


PATUHA 


8%3% 




5 


BUR NI TBLONG 


2624 


• 


38 


VAJANG WINDU 


2 181 




6 


GAJOLBSTSN 


1500 


■*■ 


39 


TANGKUBAN PRAHU 


2084 


• 


7 


SIBAJAX 


2212 


0 


'»o 


PAPANDAJAN 


2665 


• 


8 


SINABUNG 


2'»6o 


0 


ki 


KAWAll MANLTC 


1950 


* 


9 


PL'SUK BUKIT 


1981 


0 




KAWAH KANOOJANG 


1730 




10 


HELATOB A- TARUTUNG 




+ 


^•3 


GL'NTUR 


22^9 


• 


11 


BUAL BUALI 


1819 






GALUNGGUNG 


2168 


• 


12 


SORIKMAHAPI 


2l'i5 


• 


'•5 


TELAGA BODAS 


2201 




13 


iALAKMAU 


2912 


0 




KAVAH KARAHA 


1 1 25z 
1155 




l** 


MERAPI 


2891 


• 


'»7 


TJBRIMAI 


3078 


• 


15 


TANDIKAT 


2436 


• 


'.8 


SLAMBT 




• 


l6 


TALANQ 


2896 


e 


'«9 


BUTAK PBTARANGAR 


2222 


• 


17 


KERINTJI 


3800 


e 


50 




2565 


• 


l8 


SU»BING 


2508 


0 


51 


SUNDORO 


3151 


• 


19 


KUNJIT 


2151 


0 


52 


SUMBING 


3371 


0 


20 


DLERANG BERITI 


1958 


0 


53 


UNGARAN 


2050 


0 


21 


Bl"KIT DAUN 


2'»67 


0 


5'» 


MERBABU 


31*5 


0 


22 


KABA 


1952 


• 


55 


MERAPI 


2911 


• 


23 


DEMPO 


3173 


• 


56 


LAWU 


3265 


0 


2tt 


BUKIT LUMUT BALAI 


2055 




57 


WILIS 


2563 


* 


25 


MARGA DAJUR 






58 


KELUD 


1731 


• 


26 


SBKINTJAU BBLIRANQ 


1719 


0 


59 


ARDJUNO-NBLZRANG 


3339 


** 


27 


BBMATANG RATA 


"^^ooo 


* 


60 


SBMSRU 


3876 


• 


28 


HUUmBLU 


io4o 


* 


61 


BROMO 


2329 




29 


RAOJABASA 


1281 


0 


62 


LAMONGAN 


1669 




30 


KRAKATAU 


813 


• 


63 


IJANG-ARGAPURA 


3088 




31 


PITl.OSARI 


13^6 


0 


6^1 


RAUNG 


3332 




■? 2 


KARANG 


I77fi 


0 


65 


KAWAH lOJBN 


2386 




33 


KIAiiABEREi GAdAK 


151 1 




bh 


OATUR 


1717 





Classification oi Active Volcanoes: 

• Volcanoes with recorded eruptions (16OO A. D. -present) 
o Volcanoes in fusuirolic stage, no eruptions known 

(1600 A.O. "iMreseat) 

♦ Sol fa tars or fuisarole fields 
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NO* 


iName oi Volcano 


Alti- 
tude W 


Lj. ass 


iNCJ . 


•>£uuc u 1 TUX canu 


tude te) 


Class 




AGUNG 


3l't2 


• 


99 


NILA 


781 


• 




RINDJANI 


3726 


• 


100 


SERUA 


641 


• 


62 


TAMBORA 


2851 


• 


101 


MANUK 


282 




ZQ 


SANGEANG API 


19'«9 


• 


102 


BANDA API 


658 


• 


21 


WAI SANO 


903 


* 


103 


UNA UNA 


500 


• 


Z2 


POT J OK LEOK 


1675 




104 


AMBANG 


1795 






INERI 


22*15 


0 


105 


SOPUTAN 


1784 


• 


Zi 


INIE LIKA 


1559 


• 


106 


SEMPU 


1549 




Z5 


AMBUROMBU 


2124 


• 


107 


BATU KOLOK 


890 


■*■ 






371 




108 


TEMPANG 


900 




26 


IJA 


637 


• 


109 


TAMPUSU 


1 180 




22 


SUKARIA 


1500 


+ 


110 


LAHENDONG 


"7Rf> 

^**^B8 




78 


NDETU NAPU 


750 


* 


111 


SARANGSONG 


7 ( 1 - 

770 




Z2 


KELI MUTU 


l6'»0 


• 


112 


LOKON-EMPUNG 


1580 


• 


ao 


PALUVEH 


875 


• 


113 


MAHAWU 


1331 


• 


ai 


EGON 


1703 


0 


114 


KLABAT 


1995 




a2 


ILI MUDA 


1100 


0 


115 


TONGKOKO 


1149 


• 




LEVOTOBI LAKILAKI 


158'! 


• 


116 


RUANG 


714 




a4 


LEWOTOBI PERAMPUAN 


1703 


• 


117 


API SIAU 


1748 


• 




LEROBOLENG 


1117 


• 


118 


BANUA WUHU 


12 


• 




RIANG XOTANG 


200 


* 


119 


AWU 


1320 


• 


82 


ILI BOLENG 


1659 


• 


120 


SUBMARINE VOLCANO 




• 


SB 


LEWOTOLD 


1319 


• 


121 


DUKON 


1087 


• 


8a 


ILI LABALEKAN 


1*186 




122 


MALUPANG VARIRANG 


1115 


• 


2Q 


ILI WERUNG 


1018 


• 


123 


IBU 


1340 


• 


ai 


BATU TARA 


748 


• 


124 


GAMKONORA 


1635 


• 


92 


SIRUNG 


862 


• 


125 


TODOKO 


979 




£3 


YERSEY 






126 


PEAK OF TERN ATE 


1715 






EMPEROR OF CHINA 


-2850 






?82'i^'N.127«24'E) 


690 




95 


NIEUVERKERK 


-2285 




127 


MAKIAN 


1357 




96 


GUNUNK API 


282 




12a 


UMSINI 


2665 




97 


OAMAR 


868 












98 


TEON 


655 
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Table 2, 20 Mo«t Di««fltrotta Eruptions In the World 

from th« Yi«w>Point of tho Nunber of Victim 



VOLCa:^0 (Location) 


Year 


Round Num- 
ber of 
Vi c tims 


Remarks 


< 1 ) TA>BORA 

(Indonesia) 


1815 


92,000 


Including starvation (92,000) • 


(2) KRAKATAU 

( Indonesia ) 


1880 


36,000 


Mostly by eruption- tsunasdl* 


( 3 ) FBLBE 

(Martinique) 


1902 


28,000 


Nuee ardente attacked 

a city. 


(4) VESVVTO 

(Italy) 


16 3 1 


18,000 


Violent eznloaion ft lava—flown 


(5) ETNA 

(Italy) 


1169 


13,000 


Lava* flows destroyed cities. 


<6) tJNZEN-OAlCB 

f lapan) 


1792 


15,000 


Mostly by eruption-tsunaai. 


(7) K£LUD 

(Indonesia) 


1500 


10 , 000 


Mostly by mud- flows (lahar) 


(8) ETNA 

(Italy) 


1669 


10,000 


Lava-flows destroyed cities* 


(9) LAJLI 

(Iceland) 


1783 


to , 000 


Lava- flows. Including 
starvation. 


flOl mtAPi (Java. 

Undone a la) 


1006 


Several 
thousands 


Mostly by pyroclastic 
■aterials* 


dl) KELUD 

( Indonesia ) 


1919 


5.000 


Mostly by md- flows 1 lahar). 


(12) GALUNGGUNG 

( Indonesia) 


1822 


'j , 000 


Mostly by aud- flows ilanar). 


fl4 AVU 

( Indonesia ) 


1711 

J. / a A 


3.200 


Mostly by Mid— flows (lahar). 


(l4) LJUiflNGTON 
(Papua) 




3,000 


Moatlv fav nuee ardente. 


fl4l MPRAPT ( Iavji 
nE«nj\x^ X \ «i a V a f 

Indonesia) 


1672 


Y 000 


ffWV "7 Mia— ™ »m.wm»»^w 


(iQ PAPANDAJAN 

(Indonesia) 


1772 


3,000 


By pyroclastic Miterlals« 


VI /^i Alt u 

(Zndonasla) 


i8'i6 


2 800 




dQ AGUNG 

( Indonesia ) 


1963 


2,000 


Nu'c ardente le md-flows 

(lahar ) . 


(1S> SOUFRIERE 

<St Vincent Is.) 


1902 


1,600 


Nuee ardente li nod- flows 
(Ishar). 


ed AVI ' 

( Indonesia) 


1892 


1,500 


>fud- flows (laliar) nu&e 
ardente. 
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Table 3« hi»t of Volcaiui Oba«rvatori«« in Indonesia 







Volcano observatory 


Island 


(No. ) Volcano 


Name o f Obs. 
(Local name) 


Di s t ance 
from tho 
crater 
(Km) 


Sei smograph 
( component ) 


Comraer- 

C I fl 1 

electric 
supply 




(I't) Merapi 


Kotabaru 


k 


Mechanical (H) 


No 


tl6) Talan< 


Batu 

bar Jang Jang 


9 


Mechanical (U) 


No 




QSJ Tiingkuban 
Prahu 


TiJtigkuban 
Prahu 


0.1 


Eloc tro- 
magnetic (32) 


No 






Babadan 


k 


• " (H,Z) 


No 






Ngepos 


10.5 


No 


No 






Plawangan 


5 


Electro- 
magnetic (H,a) 


^iSWcle 




65) Merapi 


Deles 


? 


Mechanical (2H) 

&± 8 cxro— 
■agnatic (H,Z) 


XT- 
NO 






Selo 


5 


(H,Z) 


No 






Jrukah 




No 


No 


Java 


OCS Dleng 


Karang 
Tengan 


I 


Mechanical (2U) 


No 








Electro- 
magnetic (Z) 






68) Kelud 


Maragoanilys 


6 


Mechanical (H) 


No 






Argosko 


9 


Maehanleal (H) 


No 






6* Sawur 




No 


No 






Xawonaongo 


9.9 


No 


No 




%9mg l^MfliriHim 


a. M»Ja 




No 


No 






Paltnding 


3 


No 


No 






Randang 


ia*5 


Mechanical (2H) 


No 


Bali 


6?) Agung 


Bndakaling 


12 


Naehanleal (2H) 


Ho 






Batttlaapah 


14.5 


No 


No 


Sanseang 


(70^ ^ipgaaitg 


Tawali 


9.25 


No 


No 


F 1 o r e ■! 




R.n-ir. 






No 


Banda 


(102) Banda 
Api 


Colombo 


a.5 


MaChanlcal (Z) 


No 


Sulawesi 


Mahawu 


Tomohon 


3 


Mechanical (2H) 


No 


Sangir 


(119) Ami 


Bawand^su 


7 


Mechanical (2H) 


No 


Makian 


a27) Makian 


Ngofakiaha 


3.5 


Blaetro- 
Hagaotlc (H) 


No 



• Temporary observation. The numbers of the volceinoe.s in 
this table are referred to those used in Fig. 1 & Table 1. 
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MAPPING 
DIVISION 



VOLCANOLOGICAL 

OBSERVATION 

SECTION 



GEOLOGICAL SURVEY 
OF INDONESIA 
DIRECTOR 



EDITORIAL 
BOARD 



EXPLORATION 
DIVISION 



11 



SECRETARIAT 



I 



ENGIN'EERING & 

GEOHYDOLOGY 

DIVISION 



LABORATORY & 

DOCUMENTATION 

DIVISION 



VOLCANOLOGICAL DIVISION 



VOLCANOLOGICAL 

RESEARCH 

SECTION 



MERAPI CENTRAL OBS, 
8. 25 OBSERVATORIES 
AT l6 VOLCANOES 



PROJECTS : ,' 

1. GEOTHERMAl] 
SURVEY I 



2. VOLCANIC 



DEBRIS 



CONTROL ; 



Fig. 2 



ORGANIZATION CHART OF THE GEOLOGICAL 
SURVEY OF INDONESIA WITH SPECIAL 
REFERENCE TO TOE VOLCANOLOGICAL DIVISION. 




Fig. 3 Geological Survey of Indonesia at Bandung. 
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Fxg.k. Members of the Volcanological Observation Section, 
Volcanologi cal Division, Geological Survey of 
Indonesia. The left end: Mr. D. Hadikusumo , Head 
of the Division. The center in the front row: 
A. SUVA, Chief of the Preliminary Survey Mission, 
Author of this Report. 




Fig.3> Badak Dam, about 10 Kin SW of the sujomit crater-lake 
of Volcano Merapi. This dam was constructed in 19o9 
in order to divert mud-flow alon^ the Badak river 
for the purpose of protecting Blitar City, about 
23 Km SW of the summit crater-lake, from the future 
mud-fl ows. 
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Pi/?. 6 - 




Fig. 6 - b 

Fig. 6 Mapa showing 3 kinds of dangerous zones at representa- 
tive active volcanoes in Indonesia. The original maps 
were made by the Geological Survey of Indonesia, but 
they are reduced & simplified here. 

a Volcano Merapi , b. Volcano Kolud 
c Volcano Semeru, d. Volcano Agung 
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Fig. 6 - d 
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USE OF STABILIZED ADOfiB BLOCK AND CAHB IN CGMSTRUCTION 
Ct LOW-COST HOUSING HI PBW 



S. 6* F«ttal 



Structures Section 
Cantttr for Building Sechnology, XAT 
■Btioaal BuMAu of Standards 
Waalilnaton, D.C. 30234 



A description of the use of adobe block and cane tor oonatmetioQ Of low^ 
w> ~t housing in seismic areas of Peru is described. 

xey Nozdst Mob«i oaiwr a a r tliggaifc a i booaiagr Pwuv t a^lm loal aid. 
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INXIUDQCTiaN 



Hie Hay 1970 Penivisn earthquake affected an area of 83,000 square kliaDsters (7% of 

Peru's land areal ar.r! an estimated population nf 1,700,'^'"'^ f!T- of -ounti-y'r: tnt-.i1 popu- 

lation). Casualt-y estimates were 50,000 persons killed a id IOC ,000 p'jiicns injured, and 
loss of material resources was ov- r S": J million. Traditirr u !y, adobe has been, and con- 
tinues to be, videly used in Paru for housing and other construction. Since a significant 
niober of the structures in the area affected hy the earthquake vere hullt of adobe, aoet of 
theai «#ere destroyed oe severely daneged. 

In recognition of the need to provide adequate protection against natural disasters, 
a cooperative pcogrem was Initiated bet»feen financial and technical institutions of Peru and 
the United states. The prinary objective was to develop better quality shelters for low- 
income occupancy through the use of improved seismic design procedures arid cotistructioo 
naterials indigenous to Peru. The participants in the cooperative progreun were: 

1) The United States Agency for Interiiational Developnent Mission in Lina« Peru (AID) , 

2) The Ministxy of Housing and ths {lousing Bank of Peru (MQiBrHBP)# 

3) National Oniversity of Engineering in Linat Peru (NUB) , 

4) National Bureau of Standards, Washington, D.C. (MBS) and, 

5) The International Institute of Housing construction, California State University « 
Fresno, California (XIBT) . 

The proyraia was financially supported by AID and the Peruvian inatitutiorii and was implo- 
mented in two stages. Stage One consisted of research and testing activities for the devel— 
ppaent of adequate soil stabilization aethods, and establishment of acceptable structural 
standairds for laipvovsd seisnie-reslstant construction. Stage "mo consisted of designing 

and constructing two pilot housing projects, using the improved adobe materials and techni- 
ques developed in Stage One, in two selected coimaunities which were affected by the May 1970 
Peruvian earthquake. 

The two pilot housing projects (one in the coastal town of Nepena, the other in the 
town of Huaraz located in the highlands) included on-site production of oil-stablizeJ adobe 
block and the construction of prototype housing units. A laajor es^hasis was placed on train- 
ing the coraunlty in self-help construction methods. 



BXPBBIMBmMt PSDGRMI 

All program-related testing was conducted by NUB staff using locally available con- 
striictioa aaterlals and testing specifications prepared by NBS, with IIET supplying technl'- 
cai dact«entatlon. Instructional aaterlal, and supervisory assistance for the preparation of 
oll-stabliaed adobe block aasonry. 

Ibe ttiq^rlaental work consisted of testing asttll specimens of sttsonry In axial oompcas- 

sion, diagonal ooa gr ession, and flexure. Two types of cane (Carriso and Cans Brava), which 

were tested in tension, were apllt longitudinally and used as reinforcement in the staiblixed 
block specimens. Loa i-deformation measurements were obtained by means of rAal qaqea att.ached 
to the specimens. The program also included full-scale racking tests on five large-scale 
wells* direct shear tests on snail prlaaw, pullout tosts on cane eslbedded In cylindrical 
blocks and nlscellaneous other exploratory tests. The HUB tests results were utilized to 
evaluate strength and stlffiaess properties for use in Hm design of the prototype housing 
units. A swHury of ooncluslons follows; 

1) The stebllsed blodc speciasns dsveloped an average caavxesslve strength ^f 

13 kg/cm , an average shear strength at zero ax! a] load, of 1 to 2 kg/cm , 
depending on the type of mortar used, and an initial modulus of elasticity 
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in conpression of 2000 kq/cn which is about ISO tines the compressive strength. 

Th'-- "rc-n::-: i 1'.' 1 1'T.irl-h n-f unrr i r. rro^ block was insignificant. These results in- 
dicdtt; tlia^ jil aLiiblizaLi ;:i ot ado'km block does not appreciably increase or de- 
crease it£ strength properties. With these low values, it ma ooneliidad that 
adobe construction should be limited to single-story units. 

(2) Blnrk stabl izaL ion wit"', i j[ i d- -ir road oil (RC-250) produced superior quali- 
ties with regara to waterptoofing, abrasion resistance, durability and tbemal 
insulation. The proportion of atsbiliaer was hatmoan ana and tm paroant dsipa nd ing 
on tha quality of soil used. 

(3) The two types of cgne tested in direct tension developed a tensile capacity of ^ 
1000 to 1400 kg/cm and a constant modulus of elasticity of about 200 x 10 kg/cat 
throughout the entire loading range. This was about 150 times its strength and 
100 tiaas the initial sndulua of elasticity of tha block sgpacinans. Teats also 
indicated that It is difficult or impossible for cane to develop this high tensile 
capacity in bond with adobe mortar rilthough a significint improvement in bond was 
effected by using split cane in the pullout tests. Partial loss of bond and local 
oraoking of moxtax niileh was frequently observed was attributed to the expansion 
of cane by moisture absoxptlcm froai the surrounding aortar. Stabilization of caaa 
by coating it with a layer of asphalt solution eliminated mortar cracking but it 
also tendc 1 - j reduce its bond strength. Tho > ; f ■•ctiveness of split cane as a 
reinforcing material in stablized wall construction is predicated on its adequate 
pcotaetion against peolongad aa^oaura to adverse anviconMntal conditions suedi aa 
moisture or insect infastatlon* and its ability to retain initial bond diaracter- 

istics. 

Research and testing covered many other aspects of housing construction, including 
foundations, roofing systems, floor surfaces, paints, and otbar finishes. For axsaple, tlM 
newly-developed stablized soil was tested for use as a roofing cover cooiblned with cane, to 
provide an economic, light, durable, and easily reparable roof cover, offering a high degree 
of thermal insula t-io;;; tiles made wiih stablized soil, colored or plain, offer an effective 
and econoauLc solution for floor surfacing; use of stablized soil with gravel in foundations 
piKQivldaa adaqnata probsetion against ai^osiire to adverse anvironMatal conditions. 



OBSnai MID OOHSTWCTXOil OP PWOTOCT P B B0OS3M6 ONITS 

the prototype houses were designed and detailed in accordance with wall-docunented prin- 
ciples of iai^roved seismic construction practice and on the basis of the eacperlaeatal know-' 
ledge acquired in the first stage of the program. 

The basic constituents used in the construction of these bousing units were stablized 
soil, stablised block, soil-oenent-aqphalt aortar, cane (split or whole), and wood, h 

typical unit consists of a four-roon single-story box type structure (fig. 1), with load- 
bearing walls and partitions of cane-reinforced stablized block nasonry construction, and a 
one-way wood joist roofing system covered with a mat of closc-iy GpaLcJ wiiolo camj, laid 
across the joists, and topped with a 2- to 3-cm layer of st^U^lized soil mixtuxe (fig. 2). 
Corrugated aabastos oament roof cover is used as a atibstitute material for oane in tegions 
where cane is scarce. A pair of cross-braces are fastened to the roof joists to help distri- 
bute lateral seismic forces through diaphragm action. 1!he floor arga is approximately 65 m . 
To hLl;> partial deferment of initial costs, a two-room unit of 32 n floor area aeiy be boilt 
initially and expanded to full-size at a later date. 

The fabrication and coring procadurM fbr the stablized block were in acoozdanee with 
reconmiendationB developed and docwented by XIHT for this program, flie blo^s were produoad 

by pxjuririrj stabl.^ed soil into modular wuoJun ftjims, flat ground. The forms were then 
removed and the units were sun-dried for a period of thirty days. Circular cores in the 
units permitted construction of a slngle-wythe wall in running bond with the holes aligned 
to acoomaodate vertical split-cane reinforcement in both faces and at equal intervals (fig. 3). 
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Tlw uimn of the blodc, whidi wae nade 38 en squMNi and 9 em thick* was fovemed by tiia ooaprea- 
slve strangth reguireaants of a one-story hi^h wall. 

The mortar in wall construction was one of three types used in the tests: M-1, M-2, and 
M-3. The proportioning of all nortjur constituents were Bade by %feight. M-1 norter consists 
of soil nixed with two percent Rapid Coring Road Oil, lC-250, and is identified fay th» syiAol 
S-2. M-2 mortar consists of one part of Portland Cement, ten parts of soil, and one percent 
RC-250, and is identified by the symbol 1:10-1. H-3 mortar consists of one part ceanent, slx 
parts aoilf four parts 9and« and one percent k:-250 and ia identified fay the sy^ol It (6^ 4)»1. 

The cane used was one of two types: Carriso had a hollow core and a hard shell f Cans • 

Brava had a solid fibrous core. Both canes wore typically 2 to 3 cm in diameter and 3 mm in 
shell thickness. They were split longitudinally and were used to reinforce the walls both 
horizontally and vertically, and to provide eonneetion heHienn the various elsnants of tiie 
systeoi (fig. 3). 

The shape of the housing unit:-;, the arrangement of walls, partitions, and openings con- 
formed as much as possible to a balanced layout configuration in order to optimisce the uni- 
formity of seismic stress distribution (fig. 1). A rectangular plan, with as close a doubly- 
■yanetric configuration as possible, was adcqpted. Syooetric enclosures of horisontally eurvsd 
walls used singley or in oaabination with flat walls were also investigated. 

Interior partitions mre designed as structural loadbearing walls. This practice helped 
decrease the roof weight by reducing its span length, and increased the total lateral diear 
resistanee of the systan. 

Thu r.izr- and spacing of openiri^H wc^re qovt; rntfd by rf;qui rerr.ents of minimiin width of piers 

flcuiking adjacent openings or an opening and end of wall, maximum permissible length of lintels 
spanning across the top of opening, and wnifiHndty of overall layout (fig. 1). 

Footings were made continuous under the walls and vertical dowel reinforcement was pro- 
vided to develop pariial continuity with the walls (fiq. 4). These dowels were lapped with 
vertical wall reinforcoaent for a minimuB length of SO ca. The foundation was cast using 
specified proportions of oenent, stablised soil, gravel, aoA zock. Ihc width of footing was 
set at 1 . 5 timss the wall thieknass. An 60 an depth ws used, with 20 cm projecting above the 
ground level. 

To the extent that was practical, the slses of door and window qpenings were kept to a 
■inliHBi and provisions were nade to equalise the spaces betw een openings or an (Opening and the 

vertical end of wall. Nevertheless, because critical stress conditions under later loads could 
develop around these openings, it was important to use special reinforcement detailing provi- 
sions in these regions, aipeeially cored half and idiole bXodt units were used at both ver^iad. 
edges of the openings to ac ccw o d a t e vertical cane relnforosnent at those locations. The eane 
was carried through the openings of a ladder-type double jolsted lintel and this space was 
filled with stablized soil mixture. Horizontal cane rGinforccment was also provided in the 
bad joint directly below the sill and carried through beyond the openings on both sides. 

Consideration was given to critical stress conditions that could develcip at vertical wall- 
tOHiall joints, especially near their top junction where tensile cracking usually begins, and 

then propagates downward. Special detailing provisions were made to obtain continuity between 
abutting walls. Such junctions were marked by projections beyond exterior wall surfaces (fig. 3) 
This wee done pirlmarily for two reasons i (a) tso give sufficient anchorage length to horizontal 

eane rainforcenent by extending it beyond the eowon joint area, and (b) to provide for future 
wall extension, half blotdt units in alternate courses any be pried loose and rsMOved to perait 
running bond oonstruetion of the wall extension Cfig. 3). 

The most important seiaddc consideration in roof design was to pcovide SuffieiSiBt iA- 
plane stiffness so that It cen adequately transmit lateral forces to the ifiproprlate Shear 
walls through diaphragm action. Ihe roofing scheme (fig. 2) used for the prototype bousing 
units consisted of equally spacad wood joists of rectangular crossoseetion spanning in one 
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direction, overlain crotCviM with a closely spaced nat of cane vechanieelly attached to the 
joists b«low, and topped with a 2 to 3 cm stablized soil oiixture. Diaphragm rigidity was pro- 
vided by wood cross-braces spanning In the t%#o diagonal directions and were mechanically 
fastened to the wood joi;t ; jt. .ill ir.tcr ta nq pTjinrr,. Joists wetT'.- t-.lco provided along the 
top of the walls. These joists, which formed an integral part of the roof assembly* were to 
be attached to the walls by maebanleal fasteners In order to adequately transfer the bori- 
sontal forces to the appropriate shear wells. In addition* all other intersecting wood ele- 
ments were attached to each other at their functions by using mechanical fasteners (thin nails 
for attachment of cane mat to joists below were used to .rir. :niize the chance of longitudinal 
splitting of cane). All roof segnents, such as the two segments o£ the doubly-pitched roof, 
wec« attadied to one another so that the entire roof of the house would act aa an Integral 
unit. 



Among the iricrc init rtant features of the model housing units are their improved capacity 
relative to tlie traditional adobe house to withstand the action of earthquake forces, and the 
reduction of cost obtained relative to the cost of conventional construction. This eooncede 
breakthrough vn^ achi*;vpd by the use of i n.-^xpensi Vt= r-onstruction materials readily available 
in Peru (suii, cane, luaber, oil derivati j , and by the adoption of self-help construction 
techniques to which the new system is particularly suitable. For instance, the cost of 
building materials required for the construction of a basic housing unit of 32S sq ft of 
covered area wee the local currency equivalent of 350 dollars, which is about one-third as 
much as the construction cost of conventional building materials. 

Ihus far, the resulrr. of this experiment have been encouraging and have received official 
Peruvian recognition. The Peruvian Housing Ministry is presently planning to start a larger 
housing project in Mepena comprising approximately fifty units. Xn addition, new building 

Liites for siirilar proiecrs f'Tsewhere in Peru are presently being selected. The Peruvian 
Building Code id tuiieritly boing amended to include new standards and specifications for 
adobe construction. This will permit insurance companies to place insurance up-o.: i:nprGvec2 
adobe structures and consequently enable the Peruvian Savings and Loan industry to make mort- 
gage leans to finance aocih eeostruction. 
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WALL-TO-WALL CONNECTION DETAIL 



HORIZONTAL SPLIT CANE 
-REINFORCEMENT IN 
ALTERNATE COURSES 




TYPICAL uNrr 

SHAPE IN 
ALTERNATE 



FIGURE 3 
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REQUIREMENT FOR WALL FOOTINGS 




FIGURE 4 
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A OQMiraT or TUB 9eC0MOLO6XCM. AID TO OBVBLQPXHS OOdNTRXBS 



by 

M. Na^ao 
and 

Tadagroshi Okube 



Struetura and Bcidga Divisian 
»ublie Nbrka Keaaarefa Inatituta 



This paper describes the ta^mological aid required in developing countries, 
after a natural disaster, as ob««rved by the writer durln? surveys of atom and 
earthqiulce dieaatera in these developing eoiantries. 

The writer classifies tiie aid required after a natutai diH,-:-.tf>r into tliree 
categories, that is, emergency aid, technological aid, and econ^m aid. The 
pirobiana related to the scientific and technological areas in the developing 
ooontries after a natural disaster are discussed. 

The technological aid is classified into short and long terra aid. 

Finally» the probleas related to the required technological aid discussed 
and tlm tlw neoesaaiy Qowmnental poli^ which has been prepared for inplementar 
tion of a law>oost and disaster resistant housing systsn is described. 



Key Mbcds: Barthguakei Japan; natural disaateri stomi atruetural engineering} 
technological aid. 
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AcooKdln? to Che reoently de««lop«d hypo^esi* of plate tactonicB, awry fbcl of Mjor 

earthquakes are concentrated in tho peripheral zone of th» plate and distribiitiid on baits 
al^g the- peripheries. Most of the countries located near the seismic belts with the ex- 

oaption of Japan, United Stat**, Nav Saalandt Sottth-BuEopaan oountrlas, and the D.S.S.K., 
ara developing countries. 

Also, damage caused by ^.hc■ world's strongest Viltda, 811^ aa t^ipbOOM, OyelOOaBt and 

hurricanes, occur in the developing countries. 

zn the past, tha writer has gone sbroad five tinas to snrvsy damgaa eanaad toy natural 
dlaaatars? in pazticular, a dana^e survey of Typhoon "Toling" in tbm Philippinaa in 1970 

as a member of UNESCO Survey Mission, the damage survey of the San Femeuido Earthquake in 
the United States, and Bingol KarthquaXe in Turiiey in 1971 as a {aember of the Japari@se 
Governinsntal Survey Mission, and the damage survey of the Chili Earthquake in Iran and 
Manaigua Bartbq:oaka in Mlcazagua in 1973. With tha iijtoeption of ttia San Fernando BartliqpMika 
in tha Onltad states, all of the natural dlaaatars •■sntioned i^bove haw tiina plaoa in tiia 
developing countries. In this paper, the writer will discuss the recpliCiad tadinologloal 
aid to the developing countries in relation to the natural disasters. 

in ganacalf r^uibiiitation projaeta perfdxaad in tha developing cotintriaa are apt to 
tAea long tins «hen these countries suffer danagas. Ihia is because of the lacik of high 

technological expertese, lack of repair and rehabilitation materials, especially funda- 
mental materials such as steel and cenant, and lack of funds and capital necessary to in- 
plaMRt the rehAiUtatlon work. Iharafora. ttiaM oomtrlaa have raqoaatad aid from 
focaign ceiintxiaat aapedally after tha diaaatar. 

Vhis kind of aid oonaiata of ansrgancy aid, tadbnological aid* and aoononie aid. 

The emergency aid that has been requested iannsdiately after a natural disaatar oon- 
aiata of donatlona of relief materials such aa iMdlcina* dothaa* and food, ttazgenqf 
recoBBtmotlOia aatarials, teniporary houses, and water filtration apparatua ara alao ra- 
quaatad. 

The tadUMlogical aid consists of dispatching of adentists and engineers to SMpple* 
ment the pxaaant technological level of tha diaMtar countries, the offering of inatcanenta 
for scientific and technological observation and research work, training and education of 
people in the disaster countries, offering of restoration materials and the recomraendationa 
and cooperation on restoration planning, in addition to the above, svipplies for the con- 
atruction ladoatriaa and lifvllna ajretana are included in thm tadUMlogioal aid. 

The economic aid consists of offering and loan of restc»ation Aaida and aid for re- 
habilitating aoooonie and aoeial d—gaa cauaad hf tha disaatar* 

Ihia psper will deal pdnarlly with tha taehnologieal aid aa auppliad to tiia various 
oountzlaa* 



GENEKAI. SITOAXION OF OEVSIXJPING COUNTRIES 

The tedinological level in developing oountrios is Inaufficiuit and of low caliber. 
Among the countries the writer visited, there were countries where educational lectures 
on earthquaOcc engineering and structural dynamics at universities were inadequate. Also, 
lectures on wind engineering were non-existent. Siailar research work in these fields of 
angiaearing and daaign ooda and atandazda of wind «nd aartiiqnaka raalatant etructures to- 
gether with standards of taating and nateriala are naually poorly eatabliahad in tha de- 
veloping countries. 

In the developing countries, students who intend to take advanced courses are gener- 
ally adnoatad in other (dav8l«pad) oountrlaa. HoMBveir, dcswatie cenatruetion ■atariala. 
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such as stMl and concrete, are meager and iMt of tlM Mterlals arc isiportad ttam the de- 
valppad oaimtxiafl. Therefore, engineers. Mho are educated in a developed coootzy where 
natural dlaasterB awA as heavy stozns and earthquakes take place, design strocturee witldi 

are based or. the wind ani earthcaake resistant desi /n codes and standards and material 
and testing standards of that country and, therefore, prefer Co use naterials which are 
I m p o rted* Engineers, who are educated in a developed country tAere natural dleestere 
•carcely occur, design structures based on the design code and standards in the country 
without considering the effects of natural disasters and prefer to use materials iiqported 
froB tJia oountzy nheze they were educated. 

1lierefare« in developing oountxles it is very difficult to eetabli^ their own nater- 
iai-i ArA design Standards, and together with tiie eoonoaie scale, the existing design systea 

ib kKpt. 

Mh<m an earthguake disaster takes place in one of these countries, the following dif- 
ficulties oocurt 

(1) Because sexsmic observation stations are not existant or sparcely located, the 

location of epicenter, focal depth, and nagnitviae of earthquake cannot be esti* 
BMted. 

(2) Because there is aljnost no observation and research on the tectonic novenent, 
the cause and laechnism of the earthquake cannot be determined. 

(3) Ihese are few skilled engineers who can judge seismic intensities and eetinate 
isoseisnals. Especially in the case of shallow earthquakes directly under « 
peculated ci^, distdbution of iaoseisBBls is ooivlieated and difficult to 

esticate. 

(4) In most ceises, tiMre are no strong motion acoelerograDS and the characteristics 

of ground acceleration and time duration are not clarified. 

(5) Data on ground conditions is scarce and the estimations of the anplification of 
the eeisnic ontion of tfte ground condition, the relation^p bet»e«a danage, 
and the ground condition is difficult. 

(6) Because there are no standards for materials and construction netlicds ^nd because 
li^aorers are not skilled the quality of the structures is not uniform and the 
eetifliation of strueturel resietivity ie difficult. 

(7) The cause of structural daciages is not accurately axiaiyzed. 

(8) The estination of the bearing cepacity* safe^ o£ danaged structures, and the 
selection of the restoring aetiwd a» difficult. 

(9) Lack of risk analysis of earthquake causes trouble in the establishment of 
restoretion planning and of earthquake resistant design standards. 

(10) Materials for esiergency teoporary stmcturos and resoration are difficult to 
obtain, therefore, the reoenetruotion work is difficult to initiate. 

However, storms are frequently accoopsnied by torrential rains, therefore, the follow- 
ing difficulties take places 

(1) The Bieterorological observatories arc sparcely distributed, therefore, the path 
of the tropical cyclone, mitui mm wind velocity, and regional distribution of 
wind velocity are not known. 

(2) There are few engineers skilled in the analysis of stont daaage of structures » 

therefore, the eHtimation of the actual wind loads based on the oode of danege 

is difficult to determine. 
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(3) Aneinoineters artt not liiBl:alleA# tlMMf6r«, the vertical pxofile and tiae vaxiwtlgn 
of the wind speed is not kaoMD. 

(4} Because many of the dvere heooiae wlld« the daugee to •txuotures ere due to tetti 

storms and floods. 

(5) Thexe is a lack of estlBtation on the return of strong winds, thus causing troubles 
on the establlshnent of the restoration planning of wind resistant design standuds. 

in addition to the above, difficulties siatilar to Items (6), (7), (8), and (10), rela- 
tive to earthquake hasards* also take plaoe. 



tECHNOIoeiGM. AID 

The tedinologleal aid that is carried out for evctplaMiiting the difClcniltle* —ntloned 

in the previous section and is required for Saving life and property of people in the de- 
veloping country will now be described. 

the technological aid is classified into a short-tem aid, which is carried out iansd- 
iately after thm disaster, and a long-tem aid* idilch ie carried out during « restoration 
period and consists of sillying epeeiallsts and aateriale. 

The first of the shoirt-tem te^mologieal aids is the dispatch of ^ecialists oonsist- 

ing off 

A. Seimologi;' , juL lcai sts , rjcophysi cists, soil and foundation Gnqind-ers, structural 
engineers (building, bridge, dan), and menbers of a fire brigade in case of earth- 
quake danaget 

B. Meteorologist, olinatologist, stmotural engineers Owilding, hridg«l and power 
transmission syst> r , ^oii and foundation engineexsr and river engineers in case 

of wind and flood damage. 

these specialists are svtppoeed to carry out the following tasks in cooperation with their 
comtezparta in the developing country. 

1. In the field of earthquake hazards, 

GIbservation and aeasureattnt of crustal alteration and ground rupture eauaod 
by the earthquake. 

Analysis of the nachanism of earthquakes and dynamic characteristics of ground 
layers by Observing aftershodcs. 

Estimation of the location, magnitude, and geoteetooieal cause of tiie aain 
shock and the estiaation of the seisaieitsr of tbm area in the future. 

Observation of tiie ground aeoslexationa of strong afterdtodca by strong notion 
acoeleroqraphs . 

Survey of the soil conditions in the damaged area by collecting soil data, 
saa^tling and testing of the soil at the sites by sii^lifiad sampler, and 
neasoring save velocities. 

survey of the distribution of seisnie intmsities in tlie danaged area. 

Evaluating the local characteristics of structural building types and materials 
and daternining the cause of the etruotural danage. 

Observation of the ^nasdc characteristics of the danaged and undanaged stcue* 
tures and ground. 
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Evaluation of the seismic risk in the area. 



2. In the field of stocn and flood hazards, 

itnation ff ; I'h, maximum wind vtilocity, travc-ling velocity oC the 

txupicl cycl(,:i-_i «rid the vertical profile of the wind velocity. 

Evaluating the loc«l ch«4r«ctarl«tice of tiie structural building typ«s and 
anterials and detaxaininq the actual wind loads and cause of damage. 

EstimatioQ of the distribution of rainfall, maxi mvn flood discharge, and 
otiier faydrologieal data. 

Proposes a plan for river iaprovenent and flood control. 

3. In the field connon to earthquake and stoxn hazards. 

Draft a code, standards, and systen fbr insuring structural safety against 

natural disasters. 

Draft guidelines on estimation of the safety of damaged structures, methods 
of repair, and reoonstruetion irork, and a principle for restoring the damaged 
eitias. 

Establishment of future tedinolgoical aids necessary for the disaster country. 

in order to ijqplement these surveys and works, it is necessary to send specialists 

with the necessary instnunents after the disaster; also to offer some of the instrunSDts 

which can t»6 left to continue effective observations aivd measurements. 

Ihe long-term technological aid consists of (1) reoosBendation and cooperation in the 
area of restoration planning, re-education of the engineers in the developing country and 
guidance on the eGtabl ishrront of standards and systems for securing structural safety 
against natural disasters by sending specialists for a long period, (2) acceptance and 
advcation of trainees from the disaster country, <3) offering of oontruetion materials 
naosMaxy for restoration, and (4) tathnological oooperation on the industrial facilities 
of fundamental construction materials. 



The technological aid from Japan to the developing countries is made possible by 
Gowranmtal grants. Iba pxoblsms Involved in Inplemsnting suc^ grants are as folloNs. 



(1) Gen@£dlly socicil di&urdai and confusion take place in the damaged area of the 
developing countries, thus sending fbceign teams to Survey the damage nay be 
rejected. Thus, before sending a survey mission, an outline of the tedmologi* 
eel aid other tiian felie daiieqe eucvey ehioiuld be datAnnined eo ae to pernd-t a 

broidar aetlviiv of Mssion, as matlined. 

(2) As effects of the recononendations of the e nwr gsncy Survey mission are increased 
when the di^atch of the mission is ins^diata and the amount of tJie aid is large. 
It is, therefore, desirable to dispatch ths adssion as soon as possible. 

In the 1972 Managua Earthquake, survey teams from tho united states and Mexi- 
co visited the city within three days after the earthquake and started the sur- 
vey work. In the eaaa of our eenintzy, it takes at least five days for the clear- 
ance of passport and visa, idtich asiy result in delaying tiia start «f the stnrvay 
work. 



PROBUMS OP TBCmiOLQOICM. AID 
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(3) Hhsn tha dispatch of the survey aiisslon ia acooopaaiAd fey otiiar tadnolegloal aid« 

the mission is welc<^d by tbe disaster country. Because of the confusion in tha 
disaster country, xmediate crmi nil cation will be difficult, but acceptance of 
tha aiaaion will oonaMtca. 

Aftar the earthqiuJte, Hanu^m waa declared an open city, and as a rasult, 

immigration clearance was omittad. Titers was a r-rTrplaint ar. to why "anan hadn't 
sent emergency relief teams, _ncij.dany ratidical ttidusa, ioEUidiiituiy after the earth- 
quake. Also, when our mission visited General A. Sonvoza, President of the National 
Eaergency Conndttee, he sboweel his de^ interest in aid fxon Japan. 

(4) Instrui>:rir5 and materials necessary •'--r the stlxv^ w>rk Stieald bo pravioosly prtt* 

pared and cc^xried by the survey mii>bi.on. 

After the Managua Earthquake* survey teams from the U.S. and Naxioo cszxiod 
their instnaents to the site and carried out their observations and testing. 

These instruments should be supplied by the organizations to which the specialists 
belonq and should be carried by them to the disaster area. It is also desirable 
to ECU : :;et9ency relief naterialSi such as medicine, medical instrUMOtS* elothas* 
food, and eaergency taaporary houses required by the victims. Thasa eae r g e n cy 
relief materials diould also be reserved in case of doaestic disasters. 

(5) Tha survey miaaion sho\iId be Curnisbed with sufficient funds to pay for necessary 
esvenses to conduct the survey « such as purdiasing data, hiring eebe, end inter- 
preters, etc. 

Prcbleas on <3ie Daaage Survey 

(1) Even in case of donestie disasters, survey teaas must bear somb inoonveaiences 
sueih as lack of food, potable water, an'? hotels in the devastated area. Zn tiia 

case of natural disasters in the develc; ir.g countries, these inconveniences will 
be doubled due to differences : ri \iw..rq habits. The writer has had experience 
in lodging in a tent emd a room oi an office building in the course of conducting 
a damage survey in developing countries. In the damaged aicea, the svrvey teaa 
must bear the living conditions the residents bear. 

(2) Th>: -^xpi-rt; r-hould understand at least one foreign language common in the diunagad 
area, in cne developing country to find people who can understand a foreign 
language, especially in the area apart from the center of adalnt stratton sad cul- 
ture, is difficult. Hitbout understanding the foreign langnaga, no ooamnicatlon 
can be oarrled out between the people of tite victim country and the teeSmological 
aid. Because the objective of each expcr- d.ff .n -arryinfj out the survey 
work, understanding of a foreign language by each ei^ert is indispensable. 

(3) Experts must be patient if necessary materials cannot be obtained. In the devel- 
op-^ ng ;cuntry under military administration, it happens that even a map ciuuiot 

b'? -j.-jtci 1 nei, much less drawings of damaged structures. ir. such a case, the abil- 
ity to coDBUnicate with the people of tha victim country will cause a difference 
In the results of tbe survey and the effsetiveaess of aid. 

Problems of Long-Term Dispatch of Experts 

A system of long-term dispatch of experts should be arranged. Usually, a long-term 
dispatch of esperta Is sagfoested from developing oeuatrles at tite ooeaslcn of the emergen^ 
cy survey. How eve r, in our country, quite a few experts want to stay longer in a foreign 
country, on the other hand, there is no sabbatical leave system at the universities. 
Thf^refore, the technological aid is sometimes Interrupted, although the long-term dispatch 
of ejqperts is eagerly requested by the developing countries, aeconsideration by both 
go v a masnt a l organisation and eivatts is roquostsd. 
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COMCUIDIIIG RSHMtKS 



Most of the technological aid tc; the developing countries Is carried out as luirt: of 
a Governiaental policy in Japan. However, natural disasters take place without wamijigj 
tbmntozm, a system of technological aid on Batoxal diSMtexs in tiie developing oountdM 
Mist be pteparea and eatabliebed previously by the Governnent. 

A L.ordi:.q to the writer's ei^rienoef daugss in tin developing countries are <Asr«c 

tarized by the following. 



Dsnage of building.:, especially residential houseSf la doniaate} danege of 

public works is noL as st^vere. 

Collapse of residential houses mnses a great loss of life. 

Most buildings are built of local materials and by local methods of construe" 
tlon, and therefore, lack the resistivity against disasters and are ^t to 
oollapsa. 



Residential house construction is hard to change because of an^le labor power and 
retention of their tradi^.ioni; . Ttiese houses are constructed of materials easy to obtain, 
are easily built and h«ve good insulation capacity, but possess low resistivity against 
natural disasters. Therefore, in these countries, the development of low-cost houses of 
m^lm resistivity ai^ heat insulation capacity is needed. A study and devalopiBent of audi 
a loH-oost houaa Is also aaeassary in Japan. 
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